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1.1.1 Skeletal Muscles Physiology
Skeletal muscles are tailored for force generation and movement in the human body.
Due to the relationship of structure-function of the skeletal muscle, muscle’s structure
must also be taken into consideration when studying muscle function. All skeletal
muscles attach to connective tissue (tendons) in order to connect to the bone. The
skeletal muscle architecture can be defined as the arrangement of muscle fibers relative
to the axis of force generation [42].
For example, the biceps brachii studied in this thesis has muscle fibers that ex-
tend parallel to the axis of force generation and are defined as longitudinal or parallel
muscle. In addition to the muscle architecture, human skeletal muscles contain a mix-
ture of muscle fiber types and motor units, such as heterogeneous muscles containing
slow contracting (high endurance) and fast contracting (low endurance) fibers. The
proximal end the biceps brachii has two distinct muscle fiber groups; the short head
which originates at the tip of the coracoid process and the long head which originates
at the supraglenoid tubercle. Both heads of the muscle join together and have an
insertion point at the radial tuberosity (see Fig. 1). The biceps brachii (at least in
its lower section) is fusiform (wide in the middle and is tapered at the ends) with
almost parallel muscle fibers (see Fig. 1) [33]. The specific tendons that drive the
elbow flexion mechanism, attaching the biceps to the skeleton, differ at the extremi-
ties. The origin tendons of both bicep heads attach separately to the relatively fixed
bone of the articulation (at the shoulder scapula). The insertion tendon is attached
1
to the moving part of the articulation (at the humerus) (Fig. 1).
Figure 1: Anatomical drawing of the biceps brachii muscle (adapted from [33]).
In addition to the physiology of the skeletal muscle, the conditions under which
the muscle is tested is also important. Meaning, the position of the muscle, voluntary
or involuntary contractions and dynamic or isometric conditions all play a role in how
the muscle behaves.
Throughout this dissertation, the testing conditions are isometric and voluntary
contractions. In physiological terms, an isometric contraction is a contraction where
the muscle length does not change. This type of contraction can be experimentally
tested in-vitro on a dissected muscle, but because of the semi-elastic properties of
tendons, a constant muscle length can not be assured in-vivo. Therefore for this
dissertation, an isometric muscle contraction is defined as a muscle contraction at
which the joint angle of which the muscle is operating does not change. The joint
muscle of interest in this dissertation is the biceps brachii, and the kinesiological
2
articulation of interest is elbow flexion with an angle of 90 degrees (angle between
the humerus and the ulna). In addition, in this dissertation, all of the contractions
are voluntary contractions.
During sustained voluntary contractions, there are a few factors that can influ-
ence measurements. In general, muscle fatigue has a complex nature during volun-
tary contractions. To produce voluntary contractions, at least four major anatomical
components are involved: the central nervous system, the peripheral nerve, the neu-
romuscular junction, and the skeletal muscles. Fatiguing can be initiated at any one
of these components. As it may be assumed, low-force voluntary contractions can be
maintained longer than high force contractions.
Figure 2: Anatomical breakdown of skeletal muscle from whole limb to actin and
myosin level including cross-bridge (adapted from [49]).
It is well known that the properties of skeletal muscle change under different
3
conditions. For example, a person can feel that their muscle feels harder the more
they contract the muscle. The main reason that skeletal muscle changes properties is
to reflect a change in the muscle activation level. For instance, muscles typically feel
’harder’ during contraction due to a physiological change, the shortening of the acto-
myosin filaments composing the striated muscle fibers [37]. It can be seen in Figure
2 how the acto-myosin filaments make up the sarcomere and it also indicates the
direction of movement of the filaments during a contraction. The cross-bridge between
the actin and myosin filaments are responsible for the force production and thus
have an effect on the stiffness of the muscle. With this being said, the macroscopic
viscoelastic properties of muscles are directly related to the tension provided by the
muscle fibers [48].
1.1.2 Surface Mechanomyogram (S-MMG)
During muscle contraction there is a reduction in length along the long axis of the
muscle contractile element [78], due to the movement of the acto-myosin filaments.
The skeletal muscle can be modeled as having no change in volume during contraction
[8], therefore the shortening in the length along the parallel axis of the muscle is cou-
pled with geometrical changes in the transverse axis dimension. The changes in the
transverse axis dimension cause vibrations that can be sensed at the skin’s surface.
Because of this, low frequency (<100 Hz) and continuous surface mechanical oscilla-
tions, also called “muscle noise”, are naturally generated by skeletal muscle. Typical
sensors used to record these mechanical oscillations are skin-mounted accelerometers,
condenser microphones, or laser displacement sensors [54, 67, 68, 80]. This disser-
tation measures these vibrations by using accelerometers at the surface of the skin
above the biceps brachii muscle. Independent of the type of sensors used, recordings
of muscle mechanical oscillations with these sensors are called surface mechanomyo-
grams (S-MMGs) (See. Fig 3)[53].
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Figure 3: Schematic representation of the hypothesized MMG generation process
resulting from vibrations generated by dimensional changes of the active muscle fibers
during (fluctuations of) voluntary contractions ([53]).
S-MMGs have been used recently for numerous muscle related objectives, for
example: 1) muscle fiber typing in sports medicine [57], 2) to investigate the effect of
neuromuscular diseases on muscle [3], and 3) to investigate the effect of aging [26] on
muscle. S-MMGs appear to be a good index for force and fatigue for muscles [55, 20].
The amplitude of S-MMGs was shown to be highly correlated with the maximum of
the second derivative of the force output during the onset of muscle contraction. At
the cellular level, the second derivative of the force output is related to the amount of
calcium ions released by the muscle cells [54]. Therefore, the second derivative of the
force output is considered to be a good indicator of the muscle activation level. Hence,
S-MMGs depend on specific aspects of the electromechanical coupling efficiency in
muscles. The natural muscle vibrations recorded by S-MMGs can therefore be used
to non-invasively estimate the muscle state and activity level in-vivo.
The physiological origin and time-frequency characteristics of S-MMGs depend
on muscle structure and mechanical state, as well as the electromechanical coupling
efficiency in muscles [6, 58, 69]. Indeed, the S-MMGs result from the non-linear
summation of the active muscle fiber contractions [56, 79]. S-MMGs are also modu-
lated by the architecture of the muscle-tendon complex and the fat and skin layers.
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Typically, for isometric contractions at increasing effort level, the spectrum of the
S-MMG signal exhibits an increase of its temporal root-mean square value along with
a spectral shift towards higher frequencies [10]. These S-MMG variations are associ-
ated with a recruitment of faster motor units and an increase in firing rates of motor
units [53]. Hence, S-MMGs have typically been used to monitor the muscle’s me-
chanical activity (since the mechanical activity influences the S-MMG amplitude and
frequency content), thus providing complementary information to electromyograms
(EMGs) which measure the muscle’s electrical activity instead. But S-MMGs have
rarely been used to estimate the mechanical properties (e.g. viscoelasticity) of skeletal
muscles [45, 59]. However, since the S-MMGs correspond physically to propagating
vibrations along the muscle, they appear as a potential tool for non-invasive study of
skeletal muscle viscoelastic properties [63].
Despite the large body of literature on S-MMGs, the spatial variations of S-MMG
over a single muscle remain unclear because most studies have used only a single sen-
sor, and the influence of the sensor location over the muscle of interest was investigated
in only a few recent studies [15, 18, 46, 59]. Those studies, using a two-dimensional
array of accelerometers [18, 27, 45], have shown that the S-MMG amplitude and
frequency content is indeed strongly influenced by the S-MMG sensor location over
the studied muscles. The propagation directionality (e.g. transverse vs. longitudi-
nal) and spatial origin (e.g. from motor points or from muscle extremities) of the
S-MMG over the muscle is likely to vary depending on the type of tested muscle
contractions (e.g. sustained voluntary contractions vs. direct electrical stimulation
of motor twitch), and on the frequency band which is analyzed. Hence, the physi-
ological origin of S-MMG generation mechanism (e.g. force tremor vs. muscle fiber
contractions) should be frequency-dependent [54]. When analyzing S-MMG of skele-
tal muscle, the frequency band selected could dramatically affect the results and give
false information, depending on what exactly is being studied. For example, if the
6
goal of a study is to analyze the muscle fiber activity, a frequency band of 5 - 20 Hz
would not be selected, as that band is mostly dominated by whole limb motion and
muscle tremor, not muscle fiber activity. Existing studies only partially address these
issues, in particular the frequency-dependency of the S-MMG spatial variations and
S-MMG propagation directionality in the muscle [18, 17, 27, 59].
1.1.3 Current Elastography Techniques
Figure 4: Manual muscle palpation (adapted from [50]).
Palpation is used as part of a physical examination by medical doctors or physical
therapist to assess the texture of a patients tissue. Traditional palpation techniques,
such as the modified Ashworth scale, rely on the clinician or physician to perform a
manual palpation as seen in Figure 4. This can only provide a subjective (qualitative)
assessment of muscle stiffness (or muscle tone) since the diagnosis often depends on the
experience and subjectivity of each examiner [47]. On the other hand, elastography
techniques have been developed to provide objective measurements (quantitative)
of the viscoelastic properties of skeletal muscles by mapping how these properties
influence the physical characteristics (e.g., amplitude or velocity) of low-frequency
mechanical vibrations [34] propagating along the tested muscles. These techniques
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can be broken into two parts, first the shear wave excitation techniques (see Figure
5) and then the shear speed measurement techniques (see Figure 5).
Figure 5: Current elastography techniques displaying methods (a) to excite shear
waves in the muscle and (b) to measure the speed at which those waves travel through
the muscle. The names of the researchers who developed these methods are indicated.
Currently, all standard elastography techniques are active since they rely on an
external mechanical or radiation excitation source to generate these propagating vi-
brations into skeletal muscles [34]. They use either static excitation or dynamic
excitation to generate shear waves in the muscle. Different methods have been devel-
oped to measure the speed at which the shear waves travel, with two such methods
to be discussed here.
Magnetic resonance elastography (MRE) is one such technique that uses magnetic
resonance imaging (MRI) in conjunction with the application of mechanical shear
waves to determine muscle properties. The machine is large, immobile and incapable
of certain exercises while taking measurements (see Figure 6(a)). This process has
three basic steps: 1) inducing shear waves in the muscle (active), 2) imaging the
propagating waves with MRI (expensive), and 3) analyzing the data to generate
images with stiffness [43]. MRE uses low frequency (10 Hz to 1.1 kHz), harmonic,
transverse acoustic waves as the source of the external mechanical stress applied
to the medium. As the acoustic waves propagate through the medium, they cause
small cyclic displacements that are typically on the order of tenths of microns. The
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displacement map gives a snapshot of the wave propagating through the muscle, and
by measuring the wavelength (see Figure 6(b)), the stiffness of the medium can be
determined [51]. The MRE method is ideal for imaging tissues that can not be sensed
at the surface (such as the brain).
Figure 6: (a) MRE experimental setup for subject before being placed in the MRI
bore and (b) resulting image of MRE with the colors red and blue being the peak
and trough of the wave (from peak to peak shows one wavelength). It can be seen
that there is a longer wavelength (stiffer material) and shorter wavelength (softer
material). (adapted from [7])
However, if measuring skeletal muscles, there are more inexpensive and simpler
methods that can provide comparable results. Another current elastography tech-
nique that has developed recently is ultrafast ultrasound elastography imaging (see
Fig. 7). This method, instead of using a shaker at the surface like previous elastog-
raphy technique, uses an ultrasound probe to create a radiation push in the muscle.
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After the radiation push is created, this method uses the ultrafast echnographic imag-
ing approach of transient elastography. A major benefit is that it uses the ultrasound
probe to create the acoustic radiation force and uses the same probe to measure the
shear wave speed in real time. This technique has been recently used to show its
feasibility in measuring the stiffness of skeletal muscle during resting and contracting
muscles [71]. This device has some benefits over the MRE, as it is portable, does
not require a separate excitation and measurement device and takes seconds instead
of minutes of visualization time. Some limitations of this technique are that it is
active, expensive, and can only measure the stiffness of a small portion of the tissue
at a time and not the whole limb (see Figure 7(b)). Consequently, implementing a
near-real-time tomographic elastography system (i.e. similar to a CT scan) for imag-
ing the spatial variation of the local viscoelastic properties along a whole muscle can
potentially be challenging with active elastography techniques since multiple excita-
tions would be needed at various locations over the muscle of interest. This could
be achieved using several excitation sources simultaneously or alternatively moving a
single source along the muscle and assuming that the muscle condition is not changing
between measurements. Overall, such an experimental set-up would likely increase
the complexity, duration and thus costs of future clinical protocols as well as poten-
tially create discomfort for the patients.
1.2 Thesis Motivation
Mechanical properties of skeletal muscles (e.g. viscoelasticity) are essential parame-
ters used to predict muscle functional properties and to assess the evolution of, and
recovery from, musculo-skeletal and neuromuscular disorders (MND), as the muscle
stiffness often differs between a healthy and a diseased muscle. Physicians and clin-
icians sometimes use manual palpation at the muscle surface to monitor the muscle
10
Figure 7: (a) Experimental setup for ultrafast ultrasound measurement and (b) re-
sulting image of ultrafast ultrasound, with the color bar showing the different stiffness.
state but manual palpation can only provide a subjective assessment of muscle vis-
coelasticity. Little is known about how muscle viscoelastic properties vary quantita-
tively during contraction (even for healthy individuals) or during physical rehabilita-
tion treatments for patients with MNDs, mainly because noninvasive and quantifiable
techniques are not widely used.
Noninvasive viscoelasticity imaging, or dynamic elastography, methods have re-
cently been developed to objectively quantify the local viscoelastic properties of soft
tissues by measuring the local propagation velocity of mechanical shear vibrations
(e.g. faster velocity indicates stiffer material). But the existing elastography tech-
nologies require a potentially uncomfortable external mechanical stimulation (e.g. vi-
brating probe) to induce muscle vibrations and sophisticated and expensive imaging
equipments (such as MRI and ultrafast ultrasound elastography), involving complex
signal processing, to record and analyze these muscle vibrations.
It has been demonstrated that coherent vibrations between sensor pairs, extracted
from diffuse random wave fields or ambient noise measurements, can be used to es-
timate passively the local impulse response (or Green’s function) of the propagating
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medium between these sensors. The recent investigations in ultrasonics [77], seis-
mology [64, 66], underwater acoustics [64] and structural health monitoring [41, 63]
demonstrate this theory. Based on this approach, there is potential to develop a
passive elastography technique which relies on extracting the fraction of coherent
vibrations propagating between a pair of skin-mounted sensors, in order to directly
measure the local properties of the contracted skeletal muscle [63]. When using an
array of skin-mounted sensors, this passive elastography technique would allow for
simultaneous elastography measurements between multiple sensor pairs since each
S-MMG sensor potentially acts as a virtual in-vivo vibration source radiating along
the muscle.
The overall objective of this work is to characterize the surface mechanomyogram
measured on the biceps brachii muscle in order to develop a technique to analyze the
coherence between sensors that can track the changes in the muscle during isometric
voluntary contractions. The frequency, origin, directionality and sensitivity of the
natural muscle vibrations is investigated using skin-mounted accelerometer arrays
in order to determine their suitability for passive elastography. This project also
advances the fundamental knowledge of mechanical properties and mechanical activity
of skeletal muscles with respect to neurological stimulations, by providing information
on muscle fiber contractile properties during isometric contractions. As a step towards
developing a low cost, passive, non-invasive elastography method, this thesis shows
that the coherence length of S-MMG along the biceps brachii is strongly correlated
with the isometric contraction level.
1.3 Research Aims
Aim 1: Investigate 3-dimensional components of Surface Mechanomyogram
Approach: Determine which of the 3-dimensional components of vibration would
best be used to measure the propagating S-MMG waves during isometric voluntary
12
contractions. This is done by analyzing the mean power frequency, cut-off frequency,
power spectral density and the azimuthal and elevation angles of power from a line
array of 3-dimensional accelerometers placed on the longitudinal axis (proximal to
distal) on the skin above the biceps brachii.
Hypothesis: The component of the 3D vibrations of the biceps brachii that has
the most power in the frequency range of interest is the axis orthogonal (z-component)
to the skin’s surface. This is due to the dimensional changes of the muscle fibers in
the axes perpendicular to the long axis of the muscle fiber and the amplification of
the power due to a rigid boundary below the muscle.
Aim 2: Directionality analysis of S-MMG propagation
Approach: Using the results from Aim 1, the component with the most vibration
power in the frequency range of interest is measured in order to determine the propa-
gation direction and frequency band of interest that best represents the propagating
portion of the S-MMGs. This is done by analyzing the spatial coherence and cross
correlation of sensors arranged in a 3 × 5, 2-dimensional grid on the skin surface of
the biceps brachii muscle.
Hypothesis: The longitudinal direction (proximal to distal) and the frequency
band of approximately 30 Hz ± 2 Hz are the direction and frequency band that is
the best representative of the propagating portion of the S-MMG waves.
Aim 3: Using spatial coherence of the S-MMG along the biceps axis to track the
muscle’s contraction level
Approach: The results from Aim 1 and 2 give the details on how to measure the
propagating S-MMG waves associated with muscle fiber activity. Aim 3 is focused
on parameterization of the spatial coherence to extract a repeatable and reliable
parameter that can track muscle contraction level of S-MMG.
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Hypothesis: The coherence length of S-MMG can be used as a marker of the
muscle’s contraction level.
Aim 1 the 3-dimensional analysis, and Aim 2 the directional analysis, together fo-
cus on classifying the S-MMG vibrations measured by the accelerometers. These first
two aims are independent of each other and the data was collected from two different
experiments. The first two aims help determine which vibration axis to measure and
in what direction to orient a line array of sensors to measure the propagating waves.
Aim 3 builds on the knowledge learned from the first two aims and it develops the
passive elastography approach, with the determination of a quantifiable parameter
(S-MMG coherence length) that tracks the changes in the muscle. Aims 1 and 2
also lead to a greater physiological understanding of the biceps brachii muscle during
isometric voluntary contractions by providing new information on the muscle-tendon
complex. Aim 3 is the culmination of this doctoral work, which is applying wave
propagation principles to the body to develop a metric that can track the changes in
muscle conditions as the contraction level changes. This result sets the foundation
for the development of a low cost, in-vivo, passive elastography technique.
1.4 Dissertation Organization
Chapter 2 focusing on Aim 1, shows the study that uses a line array of 3-dimensional
accelerometers that investigate the three components of the acceleration at the skin’s
surface. This study also investigates which components of the vibration have more
spatial variation, depending on the location of the sensor. Chapter 3 focuses on Aim
2, as it discusses the study that obtained results to determine the directionality of
propagating S-MMG waves using a 3 × 5 grid of 1-dimensional accelerometers. This
study was important to understand which direction should be focused on in order to
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obtain the best data that represents the physiological phenomena of muscle contrac-
tions. Chapter 4 focuses on Aim 3 and uses the results from the previous two chapters
to develop a model to determine a quantifiable characteristic that tracks the change in
muscle properties during an isometric voluntary contraction. Chapter 5 summarizes
and concludes the dissertation, as well as gives recommendations for future work.
The appendix follows Chapter 5, which includes any code used, intermediary studies
and less significant findings.
15
CHAPTER II
THREE-DIMENSIONAL ANALYSIS OF S-MMGS
2.1 Introduction
The measurement of muscle noise from naturally occurring vibrations during volun-
tary contractions is termed surface mechanomyogram (S-MMG). These vibrations
are caused by dimensional changes in the muscle fiber and muscle-tendon geometry
[53, 10]. Typically, S-MMGs have been used to monitor the mechanical activity of a
contracting muscle. S-MMGs have been used recently for numerous muscle related
objectives, for example: 1) muscle fiber typing in sports medicine [57]; 2) to investi-
gate the effect of neuromuscular diseases on the muscle [3]; and 3) to investigate the
effect of aging on the muscle [26]. S-MMGs are suggested to be a good index for force
and fatigue for muscles [55, 20]. When measuring S-MMG with accelerometers, most
studies use one-dimensional sensors and focus on one component of measured vibra-
tion. The vibration also consists of two orthogonal components that are normally
neglected. Despite the large body of literature on S-MMGs, there were few studies
found in the literature that investigated more than one axis of vibration. In a study
found, the authors used laser displacement sensors to examine the cross correlation of
S-MMG from one location on the rectus femoris and found that there is a high level
of association between the signals of the two axes measured [9]. This study concluded
that there is a high correlation coefficient for the normal axis and an axis 45 degrees
from the normal, and suggested that further work be done to investigate the sensor
location effect on the multiple axis S-MMG amplitude and frequency content versus
force.
Recent advancements in technology have allowed for development of 3-dimensional
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accelerometers that have a mass of 5.4 grams, which is well below the 30 grams esti-
mated level before mass loading artifacts affect the measurement of S-MMG [16, 76].
It is known that the muscle activity during voluntary contractions is dynamic and
3-dimensional, and there is limited knowledge to suggest that only one dimension of
vibration provides significant physiological information. Using these 3-dimensional
accelerometers allows for measurements unattainable by most other measurement
techniques, mainly the relation between in-plane and out of plane vibration, which
can provide physiological information on the muscle activity that is currently not
investigated. The main aim of this chapter was to determine the dominant vibration
direction and its frequency dependency of the biceps brachii muscle during submax-
imal isometric voluntary contractions using a 5 sensor line array of 3-dimensional
accelerometers. It is hypothesized that due to bulk motion and muscle tremor in the
low frequency (f <20 Hz) regime, the vibration power direction is more in-plane, but
as the frequency increases and the vibration is the result of local muscle fiber activity
(40 Hz> f >20 Hz), the vibration power direction is more vertical (out of plane).
2.2 Methods
2.2.1 Subjects
Fifteen male subjects (age: 27.2 ± 3.5 years, height: 179.9 ± 7.3 cm, weight: 77.1 ±
7.1 kg), with no previous history of skeletal muscles diseases participated in this
study and signed an informed consent form. This study was conducted according to
the protocol approved by the Institutional Review Board of the Georgia Institute of
Technology.
2.2.2 Experimental Setup
Five three-dimensional accelerometers (356A32, mass = 5.4 g, base length 11.4 mm,
measurement range = ± 491 m/s2 pk (50 g pk), sensitivity = 100 mV/g; PCB
Piezotronics, Depew, NY) with flexible cables (<2 mm diameter) were used to record
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S-MMG along the center line of the biceps brachii muscle (Fig. 8). The accelerometers
were skin mounted over the biceps brachii using double sided medical tape to provide
good contact while minimizing mounting artifacts and allowing the muscle to move
freely without additional pressure interference.
Figure 8: Experimental setup showing the (a) subject’s physiological position (b)
position of the arm along with sensors and (c) layout of sensors with coordinate
system.
The accelerometers were arranged in a line array (Fig. 8(c)). The biceps brachii
length was determined based on anatomical landmarks for each subject as extend-
ing from the origin of the tendon of insertion (distally) to the coracoid process of
the scapula (proximally) [33]. This longitudinal axis corresponds to the muscle fiber
orientation since the biceps muscle has a simple fusiform architecture [60]. The lon-
gitudinal spacing distance between the accelerometers (Δx) was determined as 8%
of the estimated length of the biceps brachii long head muscle, following a previous
approach [62, 60].
2.2.3 Experimental Protocol
The S-MMGs were recorded during 10 s long voluntary isometric contractions with
elbow flexors. A dynamometer (HUMAC, CSMi Medical Solutions, Stoughton, MA)
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was used as a platform for muscle contraction. Each subject was situated laying on
his back with the right arm attached to the dynamometer at the wrist. The elbow
was flexed at 90 degrees, and the wrist was oriented in the neutral position. The
right upper arm was placed horizontally with its posterior part not touching the bed
surface. The rotation axis of the elbow joint was visually aligned with the rotation axis
of the dynamometer. The force output of the biceps was recorded independently by a
force transducer attached to the horizontal bar connected to the subject’s wrist by a
velcro strap. The maximum voluntary contraction (MVC) force for each subject was
determined based on the maximum force output measured over 3 maximal voluntary
contractions. Thereafter, subjects performed sub-maximal isometric contractions, in
which they were asked to produce and maintain 20%, 40%, and 60% of MVC force for
10 s while facing a video monitor displaying force output as visual feedback. Subjects
were encouraged to rest and relax for 3 min between each contraction in order to
minimize artifacts due to muscular fatigue. A total of three trials were performed,
where one trial consisted of a randomized order of contractions levels (20%, 40%, and
60%).
All 16 channels (5 sensors × 3 axis + force transducer) for the recording of S-
MMGs were time synchronized with a sampling frequency of 1 kHz (Compact DAQ
system, National Instruments R©, Austin, TX) and were amplified with a gain of 200.
Data were filtered in the frequency band (f1 = 5 Hz and f2 = 250 Hz), using a second
order Butterworth bandpass filter. The lower frequency bound f1 was selected in
order to remove the lowest frequency oscillations in order to reduce the eventual
bias resulting from motion artifacts (i.e. due to large movements of the whole limb
[11, 32]. The upper frequency bound f2 was set to 250 Hz, the frequency at which
no significant S-MMG signal was recorded above the noise floor. The mean power









where Gmm(f) is the power spectral of the signal m(t) [40].
2.2.4 Theory
2.2.4.1 Angle of Vibration
Two angles, θ (azimuthal angle) and φ (elevation angle), for the S-MMG power were
defined as corresponding to the angles in Figure 9 and given by Eqs. 2 & 3.









X(f)2 + Y (f)2
)
(3)
where X(f), Y (f) and Z(f) correspond to the power spectral of x(t), y(t) and
z(t) respectively.
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These angles correspond to the 3-dimensional representation in spherical coor-
dinates of the total power. The angle θ represents the angle from the longitudinal
direction to the lateral direction. The angle φ represents the angle from the horizontal
plane to the vertical upward direction. The angles were calculated by breaking up
the collected data segment into 17 segments of 550 points length (i.e. 550 ms), taking
the absolute value of the fast Fourier transform (FFT) of the individual component
axes X, Y and Z, and calculating the respective angles at a given frequency. The
angles θ(f) and φ(f) were calculated using Equations 2 & 3, and then averaged over
the 17 segments. This procedure resulted in a quantifiable way to analyze the angles
of vibration power versus frequency. For example, when θ = 45◦, it corresponds to
an equal amount of power on the X and Y axes (i.e. proximal and lateral directions
(see Fig. ??). When θ = 0◦ (resp. θ = 90◦) all of the in-plane power is along the
X axis (resp. Y axis) (i.e. proximal direction (resp. lateral direction), see Fig. ??).
Note θ depends on the power of the X and Y components only (which are positive
quantities), thus 0◦ ≤ θ ≤ 90◦ in this study. For the angle φ (dependent on all three
components), a value of 90◦ means that all the power is along the vertical Z axis,
while a value of 0◦ means that there is no power along the vertical Z axis.
Figure 10: Three dimensional axes oriented on a schematic of the biceps brachii,
indicating sensor placement and anatomical orientation.
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Fig. 16 displays the evolution of the angles θ and φ for increasing frequency.
The angles values were averaged across trials, subjects, contraction intensities, and
sensors. With visual inspection, the maximum angles were in the 10-30 Hz and 30-
60 Hz ranges for θ and φ, respectively. Using the angle-frequency relation in each
sensor and subject, the maximum angles for θ(f) in the 10-30 Hz range and φ(f) in the
30-60 Hz range were determined in each trial. Additionally, the frequency at which
the maximal angles appeared was also determined. These values were averaged across
3 trials at each contraction level. In addition to the frequency-dependent maximal
angles, frequency-independent mean angles θ̂ and φ̂ were calculated by averaging the














The major dependent variables investigated are power, θ̂ and φ̂ (frequency indepen-
dent), maximal values of θ(f) and φ(f), frequencies at which maximal values of θ(f)
and φ(f) appeared, and mean power frequency. The independent variables are con-
traction level (20%-60% MVC), sensor location (#1-#5), and directional component
(X, Y, Z). To test the effect of contraction level and sensor location on θ̂ and φ̂
and maximal values of θ(f) and φ(f), a two factor (3 × 5) ANOVA with repeated
measures was performed. To test the effect of contraction level, sensor location and
directional component on the power and mean power frequency, a three factor (3 ×
5 × 3) ANOVA with repeated measures was performed. Post hoc analysis was per-
formed using Tukey for pair-wise comparisons when appropriate. An alpha-level of
0.05 was chosen for all statistical comparisons. P < 0.05 or P < 0.01 was additionally
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noted where appropriate. All statistical analyses were performed using Statistica 9.0
software (StatSoft, Tulsa, OK). Unless stated otherwise, the data are presented as
means ± standard deviation in the text and means ± standard error in the figures.
2.3 Results
Representative recordings of the filtered S-MMG for each axial component can be


















Figure 11: Representative recording of S-MMG for each directional component at
60% MVC at (a) sensor #3 and (b) sensor #5.
To assure that there was no frequency dependency bias due to the accelerometers
themselves, a true baseline was performed. This true baseline differs from the ex-
perimental baseline in that, it is independent of the experiment. Five 3 dimensional
accelerometers were arranged in a line array with similar sensor separation distances,
on a regular counter top and vibration absorbing table, attached with the same double
sided tape that is used for the experiment (see Fig. 12).
The results from this preliminary experiment show that the angles φ (Fig. 13(a))
and θ (Fig. 13(b)) calculated from the true baseline data collected, show that there
is no frequency dependency of angles when there is no human vibration. Therefore,
any results from this experiment that show a frequency dependency, even at 0% MVC
(experimental baseline) have a phsyiological meaning.
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Figure 12: Three dimensional accelerometers on counter top for true baseline mea-
surement.








































Figure 13: True baseline measurement with 3-dimensional accelerometers angle (a)
φ and (b) θ.
Power spectral density
To investigate the signal power in each component of the vibration and how that
power changed with contraction level, the power spectral density was determined.
The effect of contraction level and component axis on the power spectral density can
be seen in Figure 14. The power spectral density was averaged across sensors, trials
and subjects for the 3 different components (X, Y and Z). For a given frequency the
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power spectral density of the signal increases as the contraction level increases. When
comparing the power of the three different components with the contraction level be-
ing held constant, the power of the vertical (Z-axis) component is greater than the
power in the in-plane (X and Y axis) components.


























































































Figure 14: Power spectral density of S-MMG for increasing contraction level, aver-
aged across sensors, trials and subjects for (a) X-component (b) Y-component and
(c) Z-component.
Mean power frequency and Cut-off frequency
The power spectral density is a good indicator of total power, but in order to deter-
mine the frequency at which the average power is reached, the mean power frequency
is investigated. The mean power frequency (see eq. 1) for each component (X, Y and
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Z) was averaged across sensor location, trials and subjects to show the main effect of
contraction level. Figure 15(a) shows the mean power frequency (see eq. 1) averaged
across sensors, trials and subjects versus force contraction level. Figure 15(b) dis-
plays the cut-off frequency (frequency at which 90% of the power is below this level)
averaged across sensors, trials and subjects versus force contraction level. The mean
power frequency increases with increasing contraction level (P<0.05). The cut-off fre-
quency has a statistically significant difference between components (P<0.01), there
was no statistically siginificant difference with the main effect of contraction level. In-
vestigating the mean power frequency it was found that there was a significant main
effect of contraction level (P < 0.01). At 20% MVC, the mean power frequency in
the Z direction (25.45 ± 3.88 Hz) was higher than the mean power frequency in the
X (20.20 ± 2.59 Hz) and Y (20.85 ± 2.51 Hz) directions (P < 0.01). While at 40%
MVC, the mean power frequency steadily increased when going from the X direction
(20.40 ± 2.80 Hz) to the Y direction (21.31 ± 2.64 Hz) to the Z direction (27.86 ±
5.15 Hz) (P < 0.01). Considering the contraction level of 60% MVC, the mean power
frequency again increased when going from the X direction (20.84 ± 3.16 Hz) to the
Y direction (22.21 ± 3.51 Hz) to the Z direction (30.61 ± 6.46 Hz) (P < 0.01).
Effect of Frequency
The angles of vibration provide information on the direction of vibration. This
direction of vibration is frequency dependent as θ and φ are shown versus frequency in
Figure 16. The angles were averaged across subjects, sensor location and contraction
levels (excluding the baseline @ 0% MVC) to show how these angles change with
frequency. Figure 16(b) shows that the elevation angle of vibration φ increased from
the low frequency region to the high frequency region (10 Hz> f >40 Hz). The angles
of vibrations were averaged in 4.5 Hz frequency bands at increasing center frequencies
26











































Figure 15: (a) Mean power frequency vs contraction level for all 3 dimensions (b)
Cut-off frequency (frequency at which 90% of the power is below) vs. contraction
level for all 3 dimensions. Error bars indicate one standard deviation of mean across
subjects.
from 2.25 Hz to 93.2 Hz. The values can be seen as circles in the figures, with the
error bars indicating one standard deviation of the data. For the angle φ(f) there is
a statistically significant increase for increasing frequency between 10 Hz and 40 Hz
(P < 0.01). These three center frequencies (10 Hz, 25 HZ and 40 Hz) were used to
investigate the difference in the elevation angle (φ) and the azimuthal angle (θ) due
to different physiological muscle activity at low (f < 20 Hz), mid (f ≈ 25 Hz) and
high (f > 30 Hz) frequencies.
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Figure 16: (a) Angle θ between longitudinal and transverse axes along with eleva-
tion angle φ between horizontal plane and vertical axis as a function of frequency
with horizontal lines indicating the frequency bands low, mid and high. (b) Angles
averaged in 4 Hz frequency bands versus frequency.
A 3-dimensional view of the power vectors can be seen in Figure 17 for different
contraction levels (a) 20% MVC (b) 40% MVC and (c) 60% MVC. As the contraction
level increased, the magnitude of the vectors increased as well. It can be seen that in
a given contraction level, the power vector at 25 Hz is larger than the power vector
at 10 Hz and 40 Hz. Also, within a given contraction level, as the frequency band
increases from 10 Hz to 25 Hz to 40 Hz, the power vector becomes more vertical,
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Figure 17: A three dimensional view of the power vectors for the three 4 Hz frequency




There was a significant main effect of contraction level (P < 0.01), a significant inter-
action of contraction level and directional component (P < 0.05), and a significant
interaction of directional component and sensor location (P < 0.01) on the power. As
a main effect of contraction level, the power in each direction increased with increased
contraction level (P < 0.01, Fig. 18(a)). As the interaction of contraction level and
directional component, at 40% MVC the power in the Z direction (11,958 ± 593.6
mm2/s4/Hz) was higher than the power in Y direction (9,167 ± 364.6 mm2/s4/Hz,
P < 0.01), while at 60% MVC the power in both the X (22,917 ± 1423.5 mm2/s4/Hz,
P < 0.01) and Z (22,893 ± 1254. mm2/s4/Hz, P < 0.01) directions were higher than
the power in the Y (18,519 ± 1014.7 mm2/s4/Hz) direction. The increase from 20%
MVC to 60% MVC in the Y direction (34.4 ± 23.5 mm2/s4/Hz) was significantly
lower compared with that in X (43.1 ± 31.6 mm2/s4/Hz/%MV C, P < 0.05) and
Z directions (41.6 ± 28.2 mm2/s4/Hz/%MV C, P < 0.05). The increase from 20%
MVC to 40% MVC was less than the one from 40% MVC to 60% MVC in all direc-
tions (P < 0.01). The relative increase from 40% MVC to 60% MVC was greater
in X direction (62.1 ± 48.9 5 mm2/s4/Hz) compared with the Y direction (46.8
± 38.95 mm2/s4/Hz/%MV C, P < 0.01). The significant interaction of directional
component and sensor location indicated that the power in each directional compo-
nent was differentially influenced by sensor location (Fig. 18(b)). On average, the
X-component power in the most distal sensor (sensor #1) was the lowest among sen-
sor locations, and it was significantly lower compared with a couple of other sensors
(vs. #2, P < 0.01; vs. #4, P < 0.01). The Y-component power in the most distal
sensor (sensor #1) was highest, on average, and was significantly higher compared
with the most proximal sensor (sensor #5) (P < 0.05). The Z-component power in
the most distal sensor (sensor #1) was lowest, on average, and was significantly lower
compared with the middle sensor (sensor #3) (P < 0.01).
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Figure 18: (a) S-MMG power of each directional component as a function of con-
traction level. Data is averaged across sensor locations. (b) S-MMG power of each
sensor as a function of directional component. Data is averaged across contraction
levels. , P < 0.05; , P < 0.01 vs. sensor #1.
2.3.2 Maximum and Mean Values
This section investigates the maximum value of the angle θ and φ in the frequency
domain, as well as the mean angle by averaging in the time domain.
Effect on θ
Calculated in the time domain, θ̂ (see Eq. 4), was ≈40 deg across contraction
levels (Fig. 19(a)). There was no significant difference in the θ̂ with respect to
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changes in contraction level. The sensor location significantly influenced θ̂ (P <
0.01, Fig. 19(b)). θ̂ at the most distal sensor (sensor #1) was significantly greater
compared with all other sensors by ≈ 5◦(P < 0.01 for all comparisons).
In contrast to the consistent θ̂, the maximal value of θ(f) decreased significantly
(P < 0.05) with increases in the contraction level (Fig. 19(a)). The maximal value of
θ(f) was ≈60 deg at 20% MVC and was decreased by ≈2 deg at 40% MVC (P < 0.05)
and 60% MVC (P < 0.01). The effect of sensor location on the maximal value of θ(f)
was similar to the one in θ̂ (Fig. 19(b)). Due to the significant main effect of sensor
location (P < 0.01), the maximal value of θ(f) at the most distal sensor (sensor #1)
was significantly greater compared with all other sensors by ≈10 deg (P < 0.01 for
all comparisons). The frequency at which maximal value of θ(f) appeared was not
significantly influenced by contraction level or sensor location. It was 17.6 ± 3.5 Hz
when averaged over all contraction levels and sensor locations.
Effects on φ
φ̂ was significantly influenced by both contraction level (P < 0.05, Fig. 20(a))
and sensor location (P < 0.05, Fig. 20(b)). The φ̂ was ≈30 deg at 20% MVC, and
it decreased with increased contraction level. As a result, the φ̂ at 60% MVC was
significantly smaller by ≈2 deg compared with 20% MVC (P < 0.05). For the effect
of sensor location, the φ̂ at the most distal sensor (sensor #1) was the lowest among
the sensors. The significant difference was found compared with the middle sensor
(sensor #3, P < 0.05) and the most proximal sensor (sensor #5, P < 0.01).
The maximal value of φ(f) was significantly influenced by contraction level (P <
0.05, Fig. 20(a)), but not sensor location (Fig. 20(b)). The maximal value of φ(f)
was ≈57 deg at 20% MVC, and it decreased with increased contraction level. The
decrease from 20% MVC reached significance at 60% MVC (P < 0.05).












































Figure 19: (a) θ̂ (see Eq. 4) and the maximal value of θ(f) (see Eq. 2) in the
frequency domain as a function of contraction level (b) and sensor location. *, P <
0.05 vs. 20% MVC; **, P < 0.01 vs. 20% MVC; , P < 0.01 vs. sensor #1.
In contrast to the case in maximal value of θ(f), the frequency at which the
maximal value of φ(f) appeared was significantly influenced by both contraction
level (P < 0.05, Fig 21(a)) and sensor location (P < 0.05, Fig. 21(b)). On average,
the frequency for the maximal value of φ(f) (≈40 Hz) was lowest at 20% MVC. It
increased with contraction level, reaching a significantly higher value (≈43 Hz) at
60% MVC compared with 20% MVC (P < 0.05). For the effect of sensor location,














































Figure 20: (a) The φ̂ in the time domain and maximal value of φ(f) in the frequency
domain as a function of contraction level (b) and sensor location. *, P < 0.05 vs.
20% MVC; , P < 0.05 vs. sensor #1; , P < 0.01 vs. sensor #1.
distal sensor (sensor #1), while it was similar in all other sensors. The values at the
middle (sensor #3, P < 0.05) and most proximal (sensor #5, P < 0.05) sensors were
significantly higher compared with the most distal sensor (sensor #1).
2.3.3 Selected Frequency Band (10 Hz, 25 Hz and 40 Hz)
This section investigates how the angles θ and φ in selected frequency bands change
with respect to contraction level and sensor location. The 4 Hz frequency bands
centered at 10 Hz, 25 Hz and 40 Hz were chosen in order to represent the frequency
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Figure 21: The frequency at which the maximum φ was found for (a) contraction
level as the main effect and (b) sensor location as the main effect. *, P < 0.05 vs.
20% MVC; , P < 0.05 vs. sensor #1.
ranges that are dominated by different muscular phenomena. At low frequencies
≈10 Hz, the muscle activity is dominated by whole limb motion and muscle tremor,
while at high frequencies, ≈40 Hz the muscle activity is dominated my local muscle
fiber activation during contractions.
Effect of Contraction Level
The angles of vibration have shown to be influenced by frequency, and it was also
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shown that the mean power frequency of the Z component increased as the contrac-
tion level increased. Now the effect of contraction level on the angles of vibration is
investigated. Figure 22 shows the angles of vibration φ, the elevation angle Figure
22(a) and θ, the azimuthal angle Figure 22(b) with contraction level as the main
effect. The angles were averaged across trials, subjects and sensor location. For a
given contraction level (excluding 0% MVC) the elevation angle φ increased with in-
creasing frequency (P <0.01). Also, at high frequency (40 Hz) the elevation angle φ
increased as the contraction level increases (P <0.01). The contraction level had no
statistically significant effect on the azimuthal angle θ.
Effect of Sensor Location
The sensors were placed along the longitudinal axis of the biceps brachii, with
sensor #1 being most proximal and sensor #5 being most distal (see Fig. 1(b,c)).
Along the longitudinal axis of the muscle, the effect of sensor location on the angles
of vibration is investigated. The angles of vibration φ and θ were averaged across
trials, contraction level (excluding 0% MVC) and subjects in the selected frequency
bands to give sensor location as the main effect. The sensor location does not have
an effect on the elevation angle φ or the azimuthal angle θ, as seen in Figure 23(a)
and 23(b), as there is no statistically significant difference in the measured values.
Power at select frequency bands
The power was determined by calculating the area underneath the power spectral
density curve for 4 Hz frequency bands. The three selected frequency bands for
analysis were selected to represent different physiological phenomena, since different
muscle activities dominate at select frequencies.
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Figure 22: Vibration angles vs contraction level for low (10 Hz), mid (25 Hz) and
high (40 Hz) frequency for (a) φ (elevation angle) and (b) θ (azimuthal angle).
For all of the power instances total, low, mid and high, there is a statistically
significant difference with contraction level with the main effect (P<0.01). For the
total power, there was a statistically significant difference between the components
(P<0.01). It is hypothesized that the significant difference in the power due of the
components is caused mostly by the muscle fiber activity at the higher frequency.
Hence, at the low and mid frequency levels, there is not a statistically significant
difference with the components as the main effect (see Fig. 24(a),24(b)). While at
the high frequency range, there is a statistically significant difference between the
components (P<0.01, see Fig. 24(c)).
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Figure 23: Vibration angle vs sensor location for low (10 Hz), mid (25 Hz) and high
(40 Hz) frequency for (a) φ (elevation angle) and (b) θ (horizontal angle).
2.4 Discussion
The three dimensional angular orientation of the S-MMG power (as measured for
angles θ and φ) was shown to vary with frequency, sensor location and contraction
level. The power spectral density of the S-MMGs were analyzed to find that the
intensity of the vertical component (Z-axis) of the signal increased as the contraction
level increased, which is in agreement with previous studies [5, 39, 54]. Though these
previous studies only focused on one axis (vertical Z-component), the present study
38





















































































Figure 24: Power spectral density of S-MMG for increasing contraction level averaged
across sensors, trials and subjects for (b) 10 ± 2 Hz (c) 25 ± 2 Hz (d) 40 ± 2 Hz.
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found that similar trends were found in the other two components (X and Y axes) (see
Fig. 14). The main finding of this study is that as the frequency increased from low to
high, the mean of the power spectral density angle becomes more vertical, (meaning
that the elevation angle increases). An additional finding was obtained in the current
study. The S-MMG vibration power depends on the axis measured and the location
on the muscle. Though the power increased for increased contraction level for all
three components of vibration, the different components increased at different rates,
which resulted in the azimuthal and elevation angles changing as the contraction level
increased, because these angles depend on the ratio of the power. The changes in the
vibration power result in specific changes in the mean and maximal angles that are
reflected with a change in contraction level and sensor location.
The physiological origin of the S-MMG and the muscle-bone architecture can ex-
plain the main finding of the increase of φ as frequency increases. The azimuthal
angle θ, measures the in-plane component of the vibration while the elevation angle
φ, measures the out of plane vibration. Low frequency vibrations can be mostly at-
tributed to synchronous muscle activity such as muscle tremor [11, 32] and whole limb
motion, which can have the result of more in-plane motion of the muscle. The results
show that at low frequencies, the elevation angle is not as prevalent as compared to
high frequencies. Meaning there is a shift in vibration power direction from in-plane
vibration to out of plane vibration as you move from low frequency (≈10 Hz) to high
frequency (≈40 Hz) bands.
When considering the effect of contraction level on the azimuthal and elevation
angles, it was shown to decrease the maximal value of θ(f), maximal value of φ(f) and
θ̂, while having no effect on φ̂. Since θ depends only on the X and Y components (given
by Eq. 2,4), the change in the power of the X and Y components can be compared
to explain the change in maximal value of θ(f) and θ̂ for increased contraction level.
As contraction level is increased, the vibration power of the X component increased
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more than the Y component. The muscle fibers of the biceps brachii are aligned with
the longitudinal axis of the muscle (X axis) for the middle and proximal portion. The
contractile elements of the muscle fibers act along this axis and can be responsible for
the greater power of the X component as the muscle becomes stiffer longitudinally
during increased contraction due to cross bridging. The muscle also becomes shorter
with increased contraction intensity [38] which could result in less vibration along the
transverse Y component. Since φ depends on the vibration power of the X, Y and Z
components (given by Eq. (3,4)), they can be compared to explain the decrease in
φ as the contraction level increased. Both the X and Z components of the vibration
power increases with contraction intensity more than the Y component does. Though,
the vibration power of the X and Z component both increase at an approximately
equivalent rate, the addition of the squares of the X and Y components caused the
denominator of Equation 3 to increase more as the contraction level increased, which
in turn caused the maximal value of φ(f) to decrease. Though both the Y and Z axis
are along the radial direction, which would cause an equal expansion when the muscle
fibers contract, the vibration power of the Z component may have increased more than
the Y component probably due to the presence of a hard boundary (humerus bone)
below (along the Z axis) the biceps brachii muscle, which may amplify the transverse
vibrations along the Z axis.
Both the maximal value of θ(f) and θ̂ both had a significant difference between the
sensor #1 and the other sensors. The sensor #1 was placed on the most distal sensor
location, which is closest to the tendon as well as above the bicipital aponeurosis.
The bicipital aponeurosis causes the distal portion of the long head of the biceps
brachii to be angled more towards the transverse axis (Y axis) [33]. As the muscle
contracts, there would be more power of the Y component at the most distal sensor
due to this angling of the muscle fibers, which are more longitudinal more proximally
along the biceps brachii. Also, as the biceps brachii muscle contracts there is a slight
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rotational twist in the most distal portion of the muscle, which could explain why the
maximal value of θ(f) and θ̂ were higher at the sensor #1. The φ̂ for the sensor #1
was significantly lower than the sensor #3 and #5. Between the most distal sensor
(sensor #1) and the most proximal sensor (sensor #5), there is a significant decrease
in the power in the Y direction, due to muscle fibers being more aligned longitudinally
at the proximal end.
The mean power frequency of the Z component of the vibration power increased
with increased contraction level, but the X and Y component saw no significant
change with increased contraction level. For an increased contraction level, there is
an increase in the discharge rate due to the recruitment of more fast-twitch muscle
fibers. This change is observed more of the Z component of the vibration power
may be due to the rigid boundary of the humerus bone that amplifies the transverse
vibration along the Z axis. The frequency at which the maximal value of φ(f) was
measured increased as the contraction level increased between 20% MVC and 60%
MVC. Since the angle φ is directly proportional to the Z component (see Eq. 2),
the significant increase of the mean power frequency of the Z component is reflected
in the increase of the frequency at which the maximum φ is found with respect to
contraction level. At the location of sensor #1, the frequency at which the maximal
value of φ(f) was found is significantly lower than at location of sensor #3 and sensor
#5. This change could be caused by the same factor that influenced the difference
in the maximal value of θ(f) between those positions. The higher vibration power of
the Y component at sensor #1, would cause a drop in the overall frequency at which
the maximal value of φ(f) was found. In summary, the power measured on each axial
component may be affected by the architecture of the musculo tendineous complex
of the biceps birachii, as it changes with contraction intensity and location on the
biceps brachii.
In summary, the 3-dimensional components of vibration have a dominant nature
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which depends on the frequency, contraction level and sensor location. The scientific
knowledge gained from the results of this study showed that when measuring a single
axis of S-MMG, it is important to select the frequency band and sensor location
which best represents the physiological muscle activity of interest. A 3-dimensional
measurement of S-MMG can be useful if the interest is in synchronous low frequency
muscle activity, which can be best represented by in-plane vibration (X and Y axes).
Since for most studies, S-MMG measurements are analyzed for local muscle fiber
activity, it is suggested that a uni-axial measurement technique can be used with the
axis of measurement being out of plane (Z-axis).
2.5 Conclusions
This study focused on the 3-dimensional aspect of vibrations measured by accelerom-
eters on the skin surface above the biceps brachii. It was found that the angles, φ and
θ were frequency dependent, seeing that the vibration power became more vertical as
the frequency increased to the region where muscle fiber activity dominates. Since
the goal of this work is to measure the vibrations created by the muscle fiber activity,
it is sufficient to measure only the z-component of the vibration. In addition, with
increased contraction level the S-MMG total power becomes more in-plane (decreased
φ). Also, it was noted that at the most distal sensor location, the S-MMG power is
more lateral than the other sensor locations.
2.6 Summary
Naturally occurring vibrations of the skeletal muscle during voluntary contractions are
not 1-dimensional, though most current research measuring S-MMGs are done using
uni-axial sensors. These studies fail to consider the other components of the vibration.
In this chapter, a research study that investigated the 3-dimensional components of
acceleration is discussed. The experimental setup consisted of a line array of five 3-
dimensional accelerometers attached to the skin above the biceps brachii to measure
43
the S-MMGs on the biceps brachii muscle during isometric voluntary contractions.
A method of measuring the angles of the power of the vibration was developed and
used to analyze the change of the angles versus frequency. The angles used to describe
the power coincide with a spherical coordinate system that uses θ as the azimuthal
angle , φ as the elevation angle, and r to describe a vector. It is hypothesized that
when analyzing the power of each directional component of the acceleration, the
power vector will become more vertical (as defined by an increase in the azimuthal
angle φ) as the frequency increases from a band that represents muscle tremor and
whole limb motion (f <20 Hz), to a frequency band that represents local muscle
fiber activity (40 Hz> f >20 Hz). With these results, it was determined that in
order to accurately measure the muscles vibration resulting from local muscle fiber
contraction, solely uni-axial sensors that measure the vibration in the vertical (out of
plane) direction can be used.
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CHAPTER III
PROPAGATION DIRECTION OF S-MMGS OVER THE
BICEPS BRACHII SURFACE
3.1 Introduction
In chapter 2, it was found that measuring the vibration of the muscle contractile
elements in the vertical (z-axis) direction, can provide suffient vibration power in
the frequency range of interest. In order to correctly measure the propagation of
a wave, the sensors need to be arranged in a way that captures the wave as it is
propagating. It is indeed important to determine the wave propagation direction for
the correct frequency band (the frequency band that reflects muscle fiber activity). A
previous study that have used a 2-dimensional grid, have included the low vibration
frequencies that reflect whole limb motion and muscle tremor artifacts, which has
the potential to bias the results [45]. In some instances, it may not be ideal to use
a 3 × 5 grid of 15 sensors to measure the propagation of the S-MMG waves. To
obtain a quicker setup time, or a lower cost it may be ideal just to use a line array of
sensors. In these cases, it is essential to know which direction to setup the line array of
sensors in order to best measure the propagation of the S-MMG wave. In preliminary
studies using a single subject, high-frequency S-MMGs (i.e. filtered > 25 Hz) of the
biceps brachii and vastus lateralis muscles mainly propagated longitudinally along
the muscle fiber orientation during sustained voluntary contractions [63, 62]. Indeed
these high-frequency S-MMGs were likely generated by asynchronous muscle fiber
activity for these superficial muscles and were likely not significantly influenced by
synchronized tremor activity that occurs at lower frequencies. No studies are found in
the existing literature that systematically investigated directionality of the coupling
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of the measured S-MMG between low and high frequency bands.
For a given pair of vibration sensors (here skin-mounted accelerometers), the spa-
tial coherence of the S-MMGs is a measure of the similarity of the S-MMGs measured
at those two sensors [29]. For instance, the spatial coherence of mechanical vibrations
increases when these vibrations propagate along a more homogeneous (or uniform)
medium such that the relative phase of the propagating vibration signals remains
relatively undisturbed. The main aim of this study was to systematically determine
the directionality in different frequency bands of the spatial coherence of the S-MMGs
from the biceps brachii muscle during sub-maximal isometric voluntary contractions
using a two-dimensional array of skin-mounted accelerometers (see Fig. 26). Pre-
liminary studies that investigated the directionality of natural muscle vibrations in
one subject did not study the influence of the selected frequency band of the S-MMG
[63, 62]. The spatial variation of S-MMG coherence across all sensor pairs at low
(f <25 Hz) and high (f >25 Hz) frequency bands can then be used to infer how the
S-MMG coherence varies with directionality (i.e. longitudinal vs. transverse) and
sensor separation distance for various contraction levels.
In this work, the longitudinal direction corresponds to the main orientation of
the biceps brachii muscle’s fibers and is expected to be more homogeneous than the
transverse directions [28]. The high frequency mechanical oscillations (f >25 Hz) are
less influenced by synchronous tremor-like activity [54]. Therefore, the high frequency
oscillations are more likely to propagate coherently along the muscle fiber orientation
(i.e. longitudinal direction) similarly to elastic guided waves propagating along cable
(or fiber) bundles [61]. Consequently, it was hypothesized that the spatial coherence
of high frequency S-MMG (f >25 Hz) is overall higher in longitudinal directionality





Ten healthy male subjects (age: 29 ± 5 years, height: 175± 9 cm, body mass: 71 ±
8 kg), with no overt sign of neuromuscular diseases, volunteered to participate in
the present study and signed an informed consent form. All subjects were right
handed. The thickness of the skin and fat layer overlaying the biceps brachii muscle
at each longitudinal distance (0 - 4Δy), ranged from 1.7 - 5.8mm when measured with
ultrasound B-mode images (see Fig. 25 for examples). This study was conducted
according to the protocol approved by the Institutional Review Board of the Georgia
Institute of Technology.
3.2.2 Experimental Setup
All fifteen accelerometers were arranged on a 3 × 5 grid (see Fig. 26). The main
biceps axis was determined based on anatomical landmarks for each subject as ex-
tending from the origin of the tendon of insertion (distally) to the coracoid process
of the scapula (proximally) [33]. For each subject, the sensor grid axis (and thus
imaging plane) was approximately aligned with the longitudinal axis of the biceps
brachii, which corresponds to the muscle fiber orientation since the biceps has a simple
fusiform architecture, at least in its lower section [60]. The transverse sensor spacing
(i.e. along the medial-lateral direction) was set to Δx = 2 cm which was the smallest
achievable separation distance given the sensor diameter (∼1 cm). Since the tested
biceps brachii muscles differed in length for each subject, the longitudinal spacing
distance Δy (i.e. along the proximal-distal direction) between adjacent accelerome-
ters was determined as 8% of the estimated length (Lm, with 26cm < Lm < 34cm)
of the biceps brachii long head muscle, following a previous approach [60, 62]. In this
study, Δy varied from 2.1 cm to 2.7 cm for the tested muscles, to ensure that the




Figure 25: Example of skin and fat layer measurement with B-mode ultrasound
images, where the vertical dashed line connecting the two crosses at the top center of
each image measure the thickness of the skin and fat layer of a) 0.25 cm b) 0.42 cm.
biceps brachii muscle. Consequently in all cases, the 3x5 sensor grid covered the re-
gion between 18% and 50% of Lm, where the coordinate origin was set at the distal
end (0% of Lm) [60].
Fifteen miniature single-axis accelerometers (PCB R© A352C65, mass=2 g, base di-
ameter=9.5 mm, sensitivity=100 mV/g) were used with thin flexible cables to reduce
drag (<1 mm diameter) to record S-MMG over the biceps muscle (as seen on Fig.
26). The accelerometers were skin-mounted over the biceps brachii using double-sided
medical tape to provide good contact while minimizing mounting artifacts and allow-
ing for the muscle to move freely without any addition pressure interference, thus
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yielding reliable S-MMG signals as shown in previous studies [63]. Skin-mounted
accelerometers allow for very sensitive measurements of local muscle vibrations (ac-
celerations here) with the advantage of automatically tracking any muscle motion
since they are attached to it, but with the potential disadvantage of causing mass
loading artifacts.
Figure 26: a) Experimental set-up for isometric elbow flexion tests (without sensor).
b) Top view with skin-mounted accelerometers. c) Schematic of the 15 accelerometers
locations.
3.2.3 Experimental Protocol
All 15 channels were perfectly time synchronized with a sampling frequency of 1 kHz
on a Compact DAQ system (National InstrumentR©, Austin, TX, same as device used
in Aim 1).
For each subject, S-MMGs were recorded over the biceps brachii muscle during
short (t = 10 s) voluntary isometric contractions (elbow flexion) which allows for
a constant muscle torque output and relatively static experimental conditions. The
computer-controlled dynamometer HUMAC (CSMi Medical Solutions, Stoughton,
MA) was used as a platform. Each subject was situated laying on their back with
their right arm attached to the dynamometer at the wrist (see Fig. 1(a)). The elbow
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joint was flexed at 90 degrees and the wrist was oriented in the neutral position. The
right arm was immobilized horizontally using a supporting stand to minimize motion
artifacts. The rotation axis of the elbow joint was visually aligned with the rotation
axis of the HUMAC dynamometer. The force output of the biceps was recorded
independently by a force transducer attached to a bar at the subject’s wrist. As seen
in Fig. 1(a), the accelerometer cables were attached to a board that was extended
from a vertical platform. The board was extended so that it minimizes the length
of the cables extending from the accelerometer before the cables where attached to
a stable structure, which minimized the drag of the cable on the accelerometers. A
preliminary study has confirmed that this configuration isolated the accelerometers
from the vibration caused by the subject’s contraction by comparing the amplitude
of vibration of the board to the amplitude of vibration being measured on the muscle
and on the dynamometer. See Figure 27 for equipment and signal flow of experimental
setup.
For each subject, the maximum voluntary contraction (MVC) force was deter-
mined based on the maximum force output measured over 3 brief maximal contrac-
tions. Thereafter, subjects performed sub-maximal isometric contractions, in which
they were asked to produce and maintain 20%, 40%, 60% (see Fig. 28) of maximal
voluntary contraction (MVC) force for 10 s while facing a video monitor displaying
torque output as visual feedback. Subjects were encouraged to rest and relax for
3 min between each contraction to minimize artifacts due to muscular fatigue. A
total of three trials were performed by selecting a randomized order of contraction
levels.
3.2.3.1 Experimental Limitations
There were a few limitations encountered during the experimental setup and ex-
perimental protocol design. One limitation found was that the accelerometers have
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Figure 27: a) Flow chart depicting equipment flow of the experimental setup used
for this study (see snapshot of the sensor placement in Figure 26).
two drawbacks when being used in under these conditions; 1) the cables that are
attached to the accelerometers may have caused some drag on the accelerometers
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Figure 28: Example of force recording from Subject 9 Trial 1.
and 2) the weight of the accelerometers may be interfering with the measurements
of the S-MMGs. Using a laser vibrometer could potentially solve these limitations,
but it would also introduce new limitations that the accelerometers can overcome.
The accelerometers have the advantage of being attached to the skin, therefore they
have a better change of measuring signal from the same point on the muscle even
if the muscle moves. With non-contact methods, such as the laser vibrometer, the
measurements would be from a completely different point if the subject moves.
3.2.4 Data Pre-processing
Data was bandpass filtered in the frequency band (5 Hz - 100 Hz) and amplified
with a gain of 200. Figure 29(a) shows the raw S-MMG collection before any data
processing. The contraction level of 40% MVC (red) is plotted with the baseline of
0% MVC (black) to show the difference in acceleration amplitude during an isometric
voluntary contraction. Notice the low frequency oscillations in both recorded S-MMG
signals. During the signal processing a 2nd order Butterworth filter was used to filter
out data outside of a 5 Hz to 100 Hz freqency range. The zero mean of the signal
in Fig. 29(b) shows that this process filtered out the low frequency signal that arose
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from whole limb motion. The fact that the two signals are ’zero mean signals’ is
critical in determining the coherence between two signals.








































Figure 29: S-MMG data vs. time for sensor #8 at 0% MVC (baseline) and 40%
MVC) for a) raw (non filtered) and b) filtered between 5 Hz and 250 Hz for Subject
10 trial #1 .









where Gxx(f) is the power spectrum of the signal x(t), f is the frequency, f1 =5 Hz
and f2 =250 Hz. The fMP of each of the 15 sensors was calculated according to
Equation 6 for each trial and contraction level.
53
These values were then averaged over the 15 sensors and 3 trials which gave a value
corresponding to one subject for each contraction level. The mean power frequency
averaged across sensors, trials and subjects for 20%, 40% and 60% MVC are 27.4 ±
3.0 Hz, 30.9 ± 3.2 Hz and 33.7 ± 3.5 Hz, respectively. Figure 30 shows this value
averaged across all 10 subjects with the error bars indicating one standard deviation.
The results show that as contraction intensity increases, fMP also increases, which is
consistent with a previous study done using accelerometers to measure S-MMGs over
the biceps brachii muscle during isometric contractions [39].




















Figure 30: Average mean power frequency (fMP ) of S-MMG across 10 subjects for
3 different contraction levels (20%, 40% and 60% MVC).
As an illustration, Fig. 31 shows the FFT (of sensor #8 for subject 5 and trial
2) across frequency for increasing contraction level. Compared with the noise in the
resting muscle (0 %MVC), the power increased as contraction level increased.
The signal to noise ratio was defined as the power ratio between the meaningful
S-MMG (measured signal at a contraction level greater than 0% MVC) and noise
(measured signal at rest). The power was averaged between 5 Hz - 250 Hz for each
signal. The S-MMG measured at each sensor was averaged over the 15 sensors for
a single trial. This value was then averaged over the three trials, in order to obtain
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Figure 31: Frequency spectrum for subject 5 measured on sensor # 8 for trail #2
for varying %MVC.
a value for each subject at each contraction level. These values were then averaged
across the 10 subjects to obtain the mean and standard deviation for each contraction
level. The signals obtained from the S-MMGs were found to have a high signal to
noise ratio (see Fig. 3.2.4). Compared with the noise in the resting muscle (0 %MVC),
the signal to noise ratio increased as contraction level increased (P < 0.01).






















Figure 32: Signal to noise ratio across all recorded signal varied by contraction level
(error bar is one standard deviation)
55
3.2.5 Theory - Signal Processing Techniques
The spatial coherence of two S-MMG signals can be determined from two different
methods, this section explores the background on the different methods. First, the
similarity in the frequency domain between two S-MMG signals x(t) and y(t) recorded
at different locations along the longitudinal axis of the muscle, can be estimated from
the square of the magnitude of their coherence | Cxy(f) |2, defined as [19]




where f is the frequency of interest, Gxx(f) (resp. Gyy(f)) is the power spectrum
of the signal x(t) (resp. y(t)), and Gxy(f) is the cross power spectrum of those two
signals. The cross-power spectrum is defined as the Fourier transform of the cross
correlation function of the two signals x(t) and y(t) [19]. The squared magnitude
coherence between the two sensors was estimated using the ”mscohere” Matlab R©
function [1], and results in a value between 0 and 1, with 1 meaning perfectly similar
and 0 meaning no similarity. In the remainder of this chapter the quantity | Cxy(f) |2
is referred to as the magnitude squared coherence.
For each test, the first and last .25 s were clipped from the signal, meaning the
total signal time of 9.5 s was used to calculate the coherence between pairs of S-MMG
signals(see Eq. (7)). The power spectrum and cross-spectrum of the recorded S-
MMG were estimated by segmenting the S-MMG time series in overlapping windows
(N = 1100 points long with 50% overlap) and the number of samples for the fast
fourier transform operation was selected as 256. Confidence intervals of the coherence
function can be estimated to achieve a desired level of significance, based on an
analytical expression of the variance of the coherence [14, 12]. The confidence level
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cl of the coherence function, at the α quantile is given by [36]
cl = 1− (1− α) 1L−1 (8)
where L is the signal duration multiplied by the sampling frequency of the recording








In this study the confidence level was set to cl ≈ 0.32 using Eq. (8), based on the
selected parameters α = 0.95, L = 8.6364.
At each contraction level (%MVC) the frequency-averaged coherence | Cxy(fc) |2,




| Cxy(f) |2 df (10)
where Δf=2 Hz.
Another method to calculate the similarity between two S-MMG signals x(t) and
y(t) recorded at different locations is by using the time-domain cross-correlation func-
tion. The cross-correlation function is approximately equal to the frequency averaged
coherence of two signals, as the frequency band of interest approaches 0 [29]. With
continuous time signals the normalized cross correlation function between two S-MMG
signals x(t) and y(t) is defined by
Rxy(τ) =
∫ T/2







where the signals x(t) and y(t) both filtered with a bandpass filter with a frequency
band of fc±Δf with Δf=2 Hz. The function is normalized between +1 and 0, where
+1 indicates a perfect similarity between the two signals and 0 indicates no similarity.
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The cross correlation peak Xxy is then defined as
Xxy(fc) = max(Rxy(τ)) (12)
The two signal processing techniques described above can be used to determine
the spatial coherence. Fig. 33 gives a flow chart that details the steps taken on the
two different routes to determine the spatial coherence.
3.2.5.1 Spatial Coherence Technique to Determine Directionality
Recall from Section 3.2.5 that there are two separate processes used to determine the
spatial coherence of two S-MMG signals. Using the fact that the spatial coherence
values vary between 0 and 1, (with 0 meaning no similarity and 1 being completely
similar) the directionality of S-MMG propagation can be determined by comparing
spatial coherence on longitudinal pairs versus transverse pairs. Before this was ac-
complished the understanding of the main effect of several factors that influence the
S-MMG spatial coherence was investigated. A 15 × 15 color coded matrix of spatial
coherence values is used to analyze the directionality. In this matrix, the 5 × 5 square
boxes located on the diagonal from the lower left to the upper right denotes sensor
pairs on the same longitudinal line. The main effect of the factor alone averaged
across the levels of the other factors, was investigated. The factors investigated were
frequency, sensor separation distance (2,4,6 and 8 cm longitudinal direction and 2
and 4 cm transverse direction), contraction level (20% MVC, 40% MVC and 60%
MVC) and sensor orientation (longitudinal vs transverse). With the frequency as
the main effect all other factors were averaged, but the sensor orientation was kept
separate. For the remaining factors the frequency was averaged in a 4 Hz frequency
band centered about fMP while the other factors were averaged across all levels.
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Figure 33: Flow chart depicting the two processes used in order to determine the
magnitude squared coherence and the cross correlation peak.
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3.2.6 Statistical Analysis
Statistical analysis was performed to determine if there was statistical significance to
the values of fMP , which showed to increase as contraction level increased. The fMP
was found for each sensor and averaged across all 15 sensors for each trial. The 3
trials were then averaged to give a single fMP for each subject at each contraction
level. These values were then averaged and plotted with the error bars indicating one
standard deviation. A one way analysis of variance (ANOVA) was used to determine
statistical significance with the dependent variable being spatial coherence and the
independent variable being contraction level. Three separate one-way ANOVA tests
were performed in order to asses the influence on spatial coherence of 3 different
factors; frequency, sensor separation distance and contraction level. For the frequency
analysis longitudinal and transverse sensor pairs were kept separate, while they were
averaged across trials, subjects, sensor separation distance and contraction intensities.
The coherence value at 10 Hz intervals was used to determine statistical significance.
Determining the main effect of the sensor separation distance was done by averaging
the spatial coherence across trials, subjects and contraction level. To determine the
effect of contraction level on the spatial coherence, the spatial coherence values were
averaged across, trials, subjects and sensor separation distances. An alpha level of
0.05 was used for all statistical comparisons, where appropriate P < 0.05 and P <
0.01 was noted. Unless otherwise stated the error bars in the figures represent one
standard deviation.
3.3 Results
The Fast Fourier Transform (FFT) of the S-MMG data gives the frequency content
of the recorded signal. This information revealed the importance of the frequency
content of the data, which showed that there was no significant signal past approxi-
mately 80 Hz when compared to the baseline. Figure 34 shows the frequency content
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of sensor #8 at 40% MVC and at 0% MVC (baseline). It can be seen that there is a
high amount of activity (even in the baseline measurement) below about 12 Hz which
may be attributed to muscle tremor. After about 12 Hz there is activity that can be
attributed to the muscle ”noise” generated during a voluntary isometric contraction.




















Figure 34: FFT of the filtered time domain S-MMG data for subject 10, trial 1,
sensor #8 ( at 0% MVC (baseline) and 40% MVC)
Fig. 35 illustrates the influence of various parameters such as contraction level,
sensor separation distance and sensor pair orientation (e.g. longitudinal vs. trans-
verse) on the frequency-dependency of the computed S-MMG coherence for all sub-
jects. Figures 35(a) and 35(c) contrast the effects of sensor pair orientation and
distance on the S-MMG coherence function. Figure 35(a) shows the coherence func-
tion between the reference sensor #6 and the four other sensors #7 − #10 aligned
along the same vertical grid line (i.e. longitudinal direction) and Fig. 35(c) displays
the coherence function between the reference sensor #3 and the two other sensors
#8 −#13 aligned along the same horizontal grid line (i.e. transverse direction) (see
Fig. 26(c)) at 40% MVC. Fig. 35(a) shows that the coherence values decrease for
increasing frequencies and increasing sensor separation distance, as expected from
theoretical predictions. The coherence values remain significant (i.e. > 0.32, see
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Eq. (8)) over a wider frequency range for sensor pairs oriented in the longitudinal
direction, i.e. along the muscle fiber direction (Fig. 36(a), 62.38 ± 4.54 Hz), when
compared to sensor pairs oriented in the transverse direction (Fig. 36(b) 31.70 ±
3.88 Hz), i.e. across the muscle fiber direction. Fig. 35(b) and Fig. 35(d) illustrate
how S-MMG spatial coherence vary for increasing contraction level for two sensor
pairs aligned either along the longitudinal (pair #7 − #9, 4.2cm< 2Δy <5.4cm) or
transverse (pair #3−#13, 2Δx =4cm) direction but having a similar separation dis-
tance. The frequency value at which the coherence drops belows the significant value
(0.32 denoted by dashed horizontal line) increased as contraction level increased in
the longitudinal direction (Fig. 35(b)) although not in the transverse direction (Fig.
35(d)). Overall, Fig. 35 shows that the spatial coherence of S-MMGs can vary sig-
nificantly with the contraction level and sensor pairs orientation, especially at higher
frequencies (f > 20 Hz). Hence, the dependency of the spatial coherence S-MMG on
each of the various aforementioned parameters are investigated systematically in the
subsequent figures.
Figure 36 shows the coherence with frequency as the main effect for the longitu-
dinal direction (Fig. 36(a)) and the transverse direction (Fig 36(b)). For sensor pairs
oriented in the longitudinal direction coherence was found to decrease with increasing
frequency (P < 0.01). The coherence in the transverse direction was also found to
decrease as frequency increased (P < 0.05). The frequency at which the coherence
drops below the significant coherence threshold of 0.32 (cut-off frequency, denoted by
horizontal dashed line) for all longitudinal pairs was 62.38± 4.54 Hz, which was sig-
nificantly different from all transverse pairs at 31.70±3.88 Hz (P < 0.01). The cut-off
frequency was averaged across all contraction levels, sensor separation distances and
subjects.
Figure 37 displays a matrix in a checkerboard format, showing the typical varia-
tions of the frequency averaged coherence function (Figs. 37(b) and 37(a)) and the
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Figure 35: S-MMG coherence averaged over the 10 subjects at the same contraction
level (40 % MVC) for increasing separation distance between pairs of skin mounted
accelerometers located on the (a) central longitudinal sensor line (b) central transverse
sensor line (see Fig. 1(c)). S-MMG coherence at a fixed distance r, for increasing
% MVC between a pair of skin mounted accelerometers located on the center (c)
longitudinal sensor line (sensor pair #7−#9) (d) transverse sensor line (sensor pair
#3−#13, r = 4 cm).
peak value of the normalized cross correlation (Figs. 37(d) and 37(c)) of S-MMGs
between all sensor pairs (see Eq.(7) and Eq.(11)). For each sensor pair the frequency
averaged coherence values were averaged in 4 Hz frequency bands (see Eq.(10)) and
the cross correlation was filtered in a 4 Hz frequency band, centered respectively at
one third of the mean power frequency (low) and at the mean power frequency (high).
For each checkerboard matrix, the spatial coherence values were averaged across all
































Figure 36: S-MMG coherence averaged across all 3 contraction intensities, all 10
subjects and (a) all sensor pairs oriented in the longitudinal direction (b) all sensor
pairs oriented in the transverse direction.
37(b) and 37(d)) and high frequency (fMP , Figs. 37(a) and 37(c)) the checkerboard
has higher values concentrated along a 5 × 5 diagonal. These correspond to 5 sensors
located on the same vertical grid line (medial, central or lateral, see Fig. 1(c)).
An analysis was performed that compared the frequency averaged coherence |
Cxy(fc) |2 and the cross correlation peak Xxy(fc) between pairs of sensors with the
same inter sensor separation distance along an individual longitudinal line (medial,
central or lateral). The spatial coherence values computed for all 3 longitudinal lines
were very comparable, within 4% of each other. Hence, it was concluded that the
values for the three longitudinal lines were not statistically different, therefore for




fMP (Figs. 38(a) and 38(c)) or fc = fMP Figs. 38(b) and 38(d)) and
contraction level, Fig. 39 displays the mean and standard deviation values obtained
after averaging all computed longitudinal coherence values (along medial, central and
lateral lines) using Eq. (10) and Eq. (11) for all analyzed 9.5 s long S-MMG epochs
(see section 3.2.3) and all subjects. Figure 39 display the mean variation of the
frequency-averaged coherence values (at 40% MVC) for increasing sensor separation




































































































Figure 37: Magnitude squared coherence values | Clm(fc) |2 (10) between all sensor
pairs centered at (a) fMP and (b)
1
3
fMP . Normalized cross correlation peak values
Xlm(fc) (12) between all sensor pairs centered at (c) fMP and (d)
1
3
fMP . Data were
averaged across trials, contraction levels, and subjects.
and at the fMP as in Fig. 37. These computed values were averaged both over all 10
subjects with 3 trials and over all equidistant longitudinal sensor pairs for increasing
normalized separation distance from Δy to 4Δy (2.1 cm ≤ Δy ≤ 2.7 cm (see Section
3.2.3)). Figure 39 confirms that the frequency-averaged coherence value and the cross
correlation peak (in a 4 Hz frequency band) centered both at 1
3
fMP and at the fMP ,
decreased as the sensor separation distance increases, as previously observed (see Fig.
35).
An analysis was performed to show the main affect of sensor separation distance
on spatial coherence, measuring the spatial coherence for all equidistant sensor pairs
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Figure 38: Coherence value averaged in 4 Hz frequency band at different contraction
levels (% MVC) for increasing sensor separation distance at (a) 1
3
fMP and (b) fMP .
Cross correlation peak value filtered in 4 Hz frequency band at different contraction
levels (% MVC) for increasing sensor separation distance at (c) 1
3
fMP and (d) fMP .
Error bars indicate one standard deviation over all 10 subjects and sensor separation
distance combinations.
from Δy to 4Δy (2.1 cm ≤ Δy ≤ 2.7 cm) and from Δx to 2Δx (Δx = 2.0 cm) (see
Section 3.2.3)). The spatial coherence values were averaged across trials, subjects and
contraction level. The sensor separation distances were averaged for all sensors with a
common separation distance, along the same line. The S-MMG coherence decreased
with increasing distance (P< 0.01) along the longitudinal direction for both frequency
bands (Figure 39(a)). When collapsed across sensor separation distances along the
longitudinal direction, the S-MMG coherence centered at 1
3
fMP were higher (P <
0.01) compared with the one at fMP . The pair-wise difference was significant (P <
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0.01) at all sensor separation distances greater than Δy. In the transverse direction,
the S-MMG coherence at 1
3
fMP were higher (P < 0.05) than the one centered at fMP
at Δx =2 cm (Figure 39(b)).














































Figure 39: Spatial coherence for 2 frequency bands in the (a) longitudinal and (b)
transverse directions as a function of sensor distance. The spatial coherence values in
a 4 Hz frequency band centered at fMP and at
1
3
fMP were averaged for all longitudinal
sensor pairs spaced apart by Δy to 4Δy (2.1 cm ≤ Δy ≤ 2.7 cm) and all transverse
sensor pairs spaced apart by Δx to 2Δx (Δx = 2.0 cm) across trials, contraction
levels, and subjects. The sensor separation distance was averaged across sensors with
a common separation distance along the (a) longitudinal and (b) transverse directions.
The spatial coherence is also dependent on contraction level. Figure 40 explores
the main affect of contraction level on the spatial coherence values for both longi-
tudinal (Fig. 40(a)) and transverse (Fig. 40(b)) sensor orientation direction. The
coherence values were averaged across trials, subjects and sensor separation distances
for sensors pairs along the same line. In the longitudinal direction, the S-MMG coher-
ence increased as contraction level increased (P < 0.01) only for fc=fMP (Fig. 40(a)).
There was no effect of contraction level in the transverse direction (Fig. 40(b)). Fig-
ure 40 shows the main effect of contraction level on S-MMG coherence for longitudinal
(Fig. 40(a)) and transverse (Fig. 40(b)) sensor orientation direction.
Figure 41 compares the overall spatial coherence value across all trials, subjects,
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Figure 40: The S-MMG coherence values | Clm(fc) |2 for 2 frequency bands in the
(a) longitudinal and (b) transverse directions as a function of contraction level. Data
in 4 Hz frequency band atfMP or at
1
3
fMP were averaged for all comparable sensor
separation distances of Δy to 2Δy and Δx to 2Δx along the (a) longitudinal direction
or (b) transverse direction across trials and subjects at each contraction level.
sensor separation distances and contraction level for longitudinal and transverse di-
rections. When focusing on the main effect of sensor pair orientation, the S-MMG
coherence was greater in the longitudinal direction than in the transverse direction
(P < 0.01) (Figure 41(a)). Using the mathematically similar metric of the normalized
cross correlation peak (12), the results were the same (Figure 41(b)). The values were
significantly greater (P < 0.01) in the frequency band centered at 1
3
fMP compared
with the frequency band centered at fMP for both metrics used.
3.4 Discussion
To begin the discussion of this chapter, the quality of the measurement taken is
briefly discussed, mainly the fMP and signal to noise ratio. The initial analysis of the
S-MMG data collected for this study confirmed that both the S-MMG mean power
frequency (fMP ) and S-MMG signal’s intensity increased with the contraction level of
the biceps (see Fig. 30), in agreement with previous studies [53, 54, 39]. In addition,



























































Figure 41: Collapsed spatial coherence values across sensor separation distances
and contraction levels in 2 frequency bands in each sensor pair orientation. (a) The
magnitude square coherence | Clm(fc) |2 (10) and (b) the maximum normalized ross
correlations Xlm(fc) (12) are shown. The data were averaged for the 4 Hz frequency
bands centered at 1
3
fMP and fMP .
the experimental setup and protocol enabled good S-MMG signal measurements.
The main finding of this study is that the spatial coherence values of high fre-
quency (i.e. close to the mean power frequency fMP ) S-MMG propagating between
sensor pairs aligned along the biceps main axis (i.e. the longitudinal direction) was
significantly higher than the spatial coherence values for sensor pairs oriented perpen-
dicular to the muscle fibers (i.e. along the transverse direction) between the proximal
and distal ends of the biceps (i.e. the longitudinal direction). In addition, the spatial
coherence values at the lower frequency (1
3
fMP ) are on average higher than the values
at the higher (fMP ) frequency. These main findings supported our hypotheses.
In the current study, three additional findings were obtained. First, the cut-off
frequency of the S-MMG spatial coherence (i.e. the frequency beyond which the
spatial coherence values dropped below the confidence level) significantly increased
with contraction level, when considering longitudinal sensor pairs but not transverse
sensor pairs. Second, the spatial coherence values of S-MMGs along the longitudinal
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direction decreased with increasing frequency and increasing sensor separation dis-
tance for both studied frequencies (fMP and
1
3
fMP ). Finally, the spatial coherence
values between longitudinal sensor pairs increased with contraction level, but only for
the frequency band centered at fMP .
These findings can be related to the physiological origin of S-MMG. The local ac-
tivation of the muscle fibers typically dominates the S-MMG generation mechanism
in the higher frequency band (i.e. f > 25 Hz) [53]. Furthermore, the fast twitch fibers
are more superficially located than slow twitch fibers in the biceps brachii muscle [21].
Hence, in the biceps brachii, the high frequency content of S-MMG, measured with
skin-mounted sensors at the biceps brachii surface, is highly influenced by the physi-
cal characteristics and orientation of fast twitch fibers, especially at high contraction
level [54]. The main finding of the current study demonstrated high coherence values
of high frequencies S-MMG recorded along the biceps longitudinal axis. These high
coherence values indicate that a significant fraction of the muscles natural vibrations
was recorded on all the selected longitudinal sensor locations. This finding is con-
sistent with a previous preliminary study using the propagation velocity of coherent
S-MMG along the biceps axis to infer muscle stiffness [62]. This likely results from
the fusiform architectural organization of the biceps brachii muscle fibers [78]: the
longitudinal direction corresponds to the main orientation of the biceps brachii mus-
cle’s fibers and is thus likely more homogeneous than the transverse directions, thus
favoring the propagation of natural muscle vibrations [28].
Based on the first additional finding, it appears that the increase in discharge rate
(associated with the increase in contraction level), is only paralleled by an increase in
spatial coherence values of longitudinal sensor pairs and not transverse sensor pairs.
Consequently, measurements of the spatial coherence of high-frequency S-MMG (i.e.
f > 25 Hz), which are mainly generated by the a-synchronized muscle fiber activity,
are likely to reflect the physiological architecture of the tested skeletal muscle. On
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the other hand, the spatial coherence values for low-frequency S-MMG (f <25 Hz)
appear to be significant along both the transverse and longitudinal directions. This
likely occurs because low-frequency S-MMG are mainly produced by the synchronized
activity of muscle fibers as a result of muscle tremor activity [11, 32] or movements
of the whole limb due to motion artifacts, especially at higher contraction level.
This may explain why an earlier study on S-MMGs for isometric contractions of the
biceps brachii focusing on more energetic lower frequency S-MMG components (i.e.
f < 25 Hz), concluded the S-MMGs propagate transversely, related to a bending
transverse modal resonances of the whole biceps [59].
Finally, the second and third additional findings may result from the influence
of the muscle’s mechanical properties and activation level on the propagation of the
mechanical vibrations along the muscle. Two main factors are likely to influence
the spatial coherence values of S-MMGs for this study. First, mechanical vibrations
(e.g. as measured by S-MMGs) become rapidly attenuated when propagating in vis-
coelastic materials with high damping factors or viscosity (such as skeletal muscles)
[28, 30]. Additionally, the influence of viscous effects on the propagation of me-
chanical vibrations increases with higher frequency and longer propagation distances.
Thus, the propagation distance of such mechanical vibrations is limited by the vis-
cous attenuation and decreases as the frequency content of the vibration increases.
Consequently, the viscous attenuation of the muscle likely limits the sensor sepa-
ration distance over which mechanical vibrations can propagate coherently between
the skin-mounted accelerometers (as observed from the second additional finding),
especially as S-MMG frequency increases. Hence, at the lower frequency band, the
spatial coherence vs. distance, even in the transverse direction, shows a significant
difference between the two sensor separation distances (Δx, 2Δx and Δy, 2Δy).
Second, a more homogeneous (or spatially uniform) propagation medium favors the
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undisturbed propagation of mechanical vibrations: spatial heterogeneities in mechan-
ical properties destroy the relative phase relationships, and thus the resulting spatial
coherence level, of propagating vibrations between spatially separated sensors [29].
For instance, the longitudinal direction is more mechanically homogeneous than the
transverse directions [28]. Additionally, the muscle’s stiffness increases as the con-
traction level increases [28, 30] thus increasing in turn the mechanical coupling (and
homogeneity) between longitudinal sensor pairs. Consequently, the latter two effects
likely cause the apparent increase in the spatial coherence values between longitudinal
sensor pairs for the tested contraction levels: High frequency S-MMGs (f >25 Hz),
which are less influenced by synchronous muscle activity (muscle tremor or whole
limb motion), likely propagates more coherently along the muscle fiber orientation
(i.e. longitudinal direction) in a guided fashion as the biceps stiffens.
Overall the results of this study confirm that the multichannel skin-mounted sen-
sor arrays measure spatial variations and coupling directionality of mechanical vibra-
tions (as measured by S-MMG) over a contracting muscle in agreement with previous
related studies [62, 18, 46, 27, 17]. However, the physical characteristics of these nat-
ural vibrations have very rarely been related to the actual mechanical properties of
muscle soft tissues [22, 17]. In particular, further studies on the spatial coherence of
S-MMGs across various skeletal muscles could lead to objective techniques to measure
the mechanical properties of skeletal muscles, such as muscle stiffness [63, 62]. To this
end, the influence of muscular fatigue occurring during voluntary contractions on the
spatial coherence of S-MMG requires further quantification. This study investigates
the possibility of using S-MMG to determine mechanical properties of skeletal muscle,
in addition to this, joint measurement of S-MMG and EMG can be investigated to
determine electromechanical coupling as well as determining the localization of the
source of mechanical vibrations. The spatial coherence of S-MMGs in humans with
movement disorders (e.g. spasticity due to spinal cord injury or stroke) would be an
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important field of study for the quantification of muscle stiffness. Additionally, lo-
calization of the strength of coherence in S-MMGs between sensor pairs may provide
further insights into the potential mechanical compartmentalization that may be due
to either localized mechanical properties or localized muscle activity [65] and possible
dependency/independency between adjacent muscles or partitions [25, 70, 72].
3.5 Conclusions
The variations of the spatial coherence of S-MMG waves across frequency appear to
be closely linked to the S-MMG physiological generation mechanism as well as the
local elastic properties of the studied muscle. Meaning, the frequency dependency
of the coherent S-MMG waves was found to correlate to the physiological basis of
muscle force generation. Hence, further studies of the spatial coherence of S-MMG
across various muscles could lead to objective measurement techniques of the me-
chanical properties of skeletal muscles. For different muscles, the same approach can
be taken with a few details changed, such as the sensor separation distance and the
frequency of interest. Muscles with more slow twitch high endurance muscle fibers
would have a lower frequency of interest, if the majority of the force generation is
done by the recruitment of these muscle fibers. To this end, the influence of muscular
fatigue occurring during voluntary contractions on the spatial coherence of S-MMG
requires further quantification. In the study, for the 10 s of data collected there was
no clear trend developed that showed the link between spatial coherence of the S-
MMG waves and the length of time of the sub-maximal contraction. Additionally,
localization of the strength of coherence in S-MMG between sensor pairs may provide
further insights into the potential mechanical compartmentalization that may be due
to either localized mechanical properties or localized muscle activity [65] and possi-
ble dependency/in-dependency between adjacent muscles or partitions [25, 70, 72].
Finally, S-MMG recorded on single sensor, have typically been used in physiological
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studies to monitor the mechanical activity of skeletal muscles, in complement to stan-
dard surface electromyograms (EMG) which monitor the muscle’s electrical activity.
But the characteristics of low-frequency mechanical waves (< 100 Hz here), such
as velocity or attenuation, propagating in viscoelastic soft tissues (such as muscle)
strongly depend on the local rheological properties of the soft tissues (e.g. compress-
ibility, stiffness) [2]. For instance mechanical waves propagate faster in locally stiffer
area [34, 24, 31]. Consequently, S-MMG, which correspond physically to propagat-
ing vibrations along the muscle, could allow for passive measurements of the skeletal
muscle viscoelastic properties [45, 59, 63, 22] despite the random-looking appearance
of the S-MMG time-series.
3.6 Summary
This work is expected to provide an innovative technique in determining the direc-
tionality (transverse or longitudinal) of S-MMGs propagation in skeletal muscle. It
provides fundamental information that helps in determining sensor placement when
S-MMG measurement is used to determine muscle in-vivo viscoelastic properties.
This chapter focused on determining the directionality of the propagating S-MMG
waves, also determined how these S-MMG waves vary with frequency, sensor sepa-
ration distance as well as muscle contraction level. Using a 2 dimensional grid of
single axis accelerometers placed on the skin above the biceps brachii muscle, these
characteristics of S-MMG waves are explored.
Fifteen miniature accelerometers were used to measure S-MMGs on 10 healthy
male subjects. A two dimensional 3 × 5 grid of accelerometers were placed on the
subjects arm between 18% and 50% of the subjects Lm. Subjects completed three
trials and contracted for 10 s at 20%, 40% and 60% of the maximum voluntary
contraction (MVC).
The directionality of the S-MMG propagation are investigated by analyzing the
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similarity between the recorded signal at different points on the 2-dimensional 3 ×
5 grid. The spatial coherence is used to analyze the S-MMG’s dependency on fre-
quency, sensor separation distance, muscle contraction level and finally directionality.
Similarity between sensor pairs located along the longitudinal axis of the muscle is
compared to the similarity between sensor pairs located transversely across the long
axis of the muscle. The study concluded that the frequency dependency of the coher-
ent S-MMG waves was found to correlate to the physiological basis of muscle force
generation. Meaning, at higher frequencies (closer to the mean power frequency)
the spatial coherence of sensors along the longitudinal axis is higher than the spatial
coherence across the transverse axis of the muscle.
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CHAPTER IV
INFLUENCE OF THE ISOMETRIC CONTRACTION
LEVEL ON THE SPATIAL COHERENCE OF S-MMG
ALONG THE BICEPS LONGITUDINAL AXIS
4.1 Introduction
The two previous chapters have given much needed information on the characteriza-
tion of S-MMG. Early in the development of measuring muscle activity by measuring
S-MMGs, studies have mostly focused on measuring S-MMG with single sensors.
Recently, an array of sensors have been used, but only to investigate the spatial dis-
tribution of the amplitude of the signal [46, 27, 17]. This is the first work that has
been done to characterize the three dimensional components of S-MMG, as well as
investigate the idea of wave propagation and to determine the direction of propaga-
tion. By characterizing these traveling waves, it lays the foundation work to study
the traveling waves to determine a parameter that can effectively track the changes
in the muscle’s mechanical environment.
The work in this chapter utilizes the results from the previous chapters by using a
linear array of one dimensional accelerometers aligned longitudinally along the biceps
brachii muscle. Cross correlating signals received at different sensors that are a part
of an array of sensors can potentially provide information about the medium in which
the wave is traveling, mainly the speed at which the wave is traveling [75, 63, 62].
Different methods can be used to extract information from the cross correlation of
the sensor array. One such method is to track from one reference sensor the decay
over range of the cross correlation values at time t=0, which can lead to the fitting
of an equation to determine the Green’s function [52]. This method was investigated
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but was found to not be a good fit for the experimental data. The results from this
method can be found in Appendix B. Another method that can be implemented
to investigate the properties of the medium is to find the maximum value of the
cross correlation with one reference sensor for increasing range. The maximum value
of the cross correlation along the longitudinal line of the biceps brachii has shown
to increase with an increase in contraction level, according to a previous study [5].
Therefore, a function can be fit to the experimental data that can track the change
in the coherence as the contraction level changes. The parameter of this function
that changes may be related to the stiffness of the muscle and potentially lead to a
non-invasive, passive elastography technique.
4.2 Methods
4.2.1 Subjects
Ten healthy and right-handed men (age: 29±5 years, height: 175±9 cm, body mass:
71 ± 8 kg), with no overt sign of neuromuscular diseases, volunteered to participate
in the present study and signed an informed consent form. This study was conducted
according to the protocol approved by the Institutional Review Board of the Georgia
Institute of Technology.
4.2.2 Experimental Setup
The experimental setup and protocol for this study were the same as stated in Chapter
3. The data used here was the same data collected from the experiment in Chapter
3. Also, the results from Chapter 3 showed that the main propagation measured was
longitudinal on the center sensor line, therefore only the center longitudinal sensor
line was used in this study, which can be seen in Figure 42.
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Figure 42: a) Experimental set-up for isometric elbow flexion tests (without sensor).
b) Top view with skin-mounted accelerometers. c) Schematic of the 15 accelerometers
locations. Only the center line of sensors (6-10) were used in this study (circled in
(b) and (c)).
4.2.3 Data Preprocessing
All 5 channels for the recording of S-MMGs were time synchronized with a sampling
frequency of 1 kHz (Compact DAQ system, National InstrumentR©, Austin, TX) and
were amplified with a gain of 200. Data were filtered in the frequency band (f1 = fMP
and f2 = fMP+30 Hz) using a second order Butterworth bandpass filter. In addition,
frequency whitening with a Hanning window was performed for this frequency range of
interest. This frequency range was chosen to include the frequencies which represent
local muscle fiber activity and not whole limb motion or muscle tremor, since the
local muscle fiber activity causes the propagating component of the vibrations which
leads to characterizing the muscle properties. In this study the frequency range of
interest was subject dependent. It was selected as a 30 Hz frequency band with the
lower limit being the mean power frequency.
4.2.4 Common metrics to track muscle activity
The root mean squared (RMS) of S-MMG has previously been used to track the
increase in muscle activity during isometric voluntary contractions [35]. The RMS
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where N is the total number of data points recorded in the signal and li is the
acceleration recorded at a single sampling point, i. In this chapter there are two
different RMS values considered, RMS 1 and RMS 2. RMS 2 is the above equation
with the values filtered in the frequency band of interest, which is the mean power
frequency (for each subject at 20% MVC) plus 30 Hz. This frequency range was
selected to be large enough to include the range of local muscle fiber activity, but not
too large that it includes a high level of noise. An analysis of the frequency band
selection is showin the the Results section. RMS 1 is the equation above without
filtering, which is what most studies report. In addition to the S-MMG RMS, the
mean power frequency, as defined by Eq. (6), has shown to also be a good indicator
of muscle activity.
4.2.5 Definition of the cross correlation for S-MMG
The cross correlation is a time domain measure of the similarity between two recorded
signals. In this study, l(t) and m(t) are the S-MMGs recorded at two different sensor
locations. The cross correlation of these two S-MMGs were taken as given by Eq. 14.
The magnitude of the time-domain cross-correlation function was normalized between
+1 and 0, where +1 indicates a perfect similarity between the two signals.
Rlm(τ) =
∫ T/2







To insure that only good quality data was used, there was a signal to noise ratio
(SNR) threshold of 4 set in order to use the data from a pair of sensors. The SNR
was determined by finding the maximum value of the envelope of the cross correlation
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in the time window of 1 second centered at t = 0 (Δtsignal), and dividing it by one
standard deviation of the cross correlation during a 4 second time window between
1-5 seconds (Δtnoise). Figure 43 shows an example of a cross correlation of sensor
pair #6 & #7 (for subject 1, trial 1 and contraction level of 60% MVC), where
the maximum value of the normalized cross correlation is well above the noise floor
(dashed line). If the SNR did not meet this threshold, the data for those sensor pairs
were not used in the calculation.



























Figure 43: Example of the cross correlation of sensor #6 & #7 (for subject 1, trial
1 and contraction level of 60% MVC), showing the signal amplitude compared to the
noise level.
After the coherence values were determined to be obtained from qood quality data,
the values from the same sensor separation distance were averaged for an individual
subject, trial and contraction level. For example, the coherence values between sensors
#6 & #7, #7 & #8, #8 & #9 and #9 & #10 were averaged, as they all had a sensor
separation distance of Δx. How these coherence values vary with sensor separation
distance can provide information about the muscle. The coherence values were found
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to decay with increasing distance Δx. A simple exponential decay, e
−x
ξ , was used as
a fit to the experimental data, which has been used previously to describe the decay
of correlations [81].
4.2.6 Statistical Analysis
Statistical analysis was performed to determine if there was statistical significance
to the values of fMP and RMS. The fMP and RMS were found for each sensor and
averaged across the 5 sensors for each trial. The 3 trials were then averaged to give
a single fMP and RMS value for each subject at each contraction level. These values
were then averaged and plotted with the error bars indicating one standard deviation.
In addition, statistical analysis was performed to determine if there was statistical
significance to the coherence length, ξ. The coherence length was averaged for the
three trials for each subject and contraction level. A one way analysis of variance
(ANOVA) was used to determine statistical significance with the dependent variables
being fMP , RMS and ξ, and the independent variable being contraction level. To
determine the main effect of contraction level on fMP , RMS and ξ, these values were
averaged across trials and subjects. An alpha level of 0.05 was used for all statistical
comparisons, and where appropriate P < 0.05 and P < 0.01 was noted. Unless
otherwise stated, the error bars in the figures represent one standard deviation.
4.3 Results
The coherence length, ξ, was found to increase with increasing contraction level. The
coherence length is defined as the distance at which the coherence dropped by a factor
of 1/e. An example of the coherence versus distance for multiple contraction levels
is shown in Figure 44(a) (for subject 8, trial 1), with experimental data expressed as
the data points and the lines represented as the exponential decay fit. Figure 44(b),
shows the coherence averaged across trials and subjects for each contraction level. It
can be seen that the main effect of sensor separation distance caused the coherence to
81


















































Figure 44: (a) Example of coherence versus distance plot for multiple contraction
levels with experimental data (data points) and the exponential fit (lines) e
−x
ξ (for
subject 1 and trial 2), where x is the sensor separation distance and (b) the coherence
averaged across trials and then subjects versus distance, this shows the main effect
of sensor separation distance for the individual contraction levels.
Two parameters that were selected in examining the signals that may have an
effect on the value of ξ were the frequency band and the SNR threshold selected. The
effect of these parameters was investigated. Firstly, the SNR threshold used to select
valid cross correlations did not have a significant effect on the results of the coherence
length, ξ. Secondly, Figure 46(a) shows how the width of the frequency band affects
ξ. In this analysis, the center frequency was held constant for each subject at f 20%MP +
15 Hz, while the frequency bandwidth was increased from 5 Hz to 30 Hz. The mean
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power frequency averaged across sensors, trials and subjects for 20%, 40% and 60%
MVC are 27.4 ± 3.0 Hz, 30.9 ± 3.2 Hz and 33.7 ± 3.5 Hz, respectively. The center
frequency selection was done in order to assure that when the frequency bandwidth
is increased to 30 Hz, it doesn’t include a-synchronous muscle activity at the lower
frequencies (f < 15 Hz). Figure 47 shows an example of the the frequency analysis
with the fMP being 20 Hz, where the frequency ranges investigated are denoted by
the horizontal yellow bar.
Figure 45: Example of frequency analysis for analyzing the effect of bandwidth size
with the same center frequency.
The main effect of frequency bandwidth is shown here in Figure 46(a), meaning
that the values of ξ were averaged across trials, contraction levels, and then subjects.
The value of ξ showed to decrease for an increased frequency bandwidth (P <
0.05). Post-hoc analysis revealed that there is a statistically significant difference
between ξ with a 25 and 30 Hz frequency bandwidths with respect to ξ with a 5 Hz
bandwidth (P < 0.05). There was no other statistically significant difference among
the frequency bandwidths. There was also no statistically significant difference in the
error vs frequency bandwidth.
Figure 47 explains the next frequency analysis method by showing an example
of the analysis with the fMP being 20 Hz, where the frequency ranges investigated
are denoted by the horizontal yellow bar. The top portion of the diagram shows
the analysis with the increasing frequency band with increasing frequencies, while
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Figure 46: (a) The coherence length ξ versus increasing frequency bandwidth, with
same center frequency of f 20%MP + 15 Hz and (b) the error (resnorm) of the fit of
ξ with increasing frequency bandwidth. Both values are averaged across all, trials,
contraction levels and subjects.
the bottom portion of the diagram shows the analysis with the increasing frequency
band, but decreasing frequencies. Figure 48(a) shows how the coherence length varies
for an increasing frequency bandwidth both for increasing frequencies and decreasing
frequencies. The frequency range is the same as the previous analysis with the lower
bound being fMP and the upper bound being fMP + 30 Hz. At a specific frequency
band the increasing frequencies have a higher ξ than the decreasing frequencies (P <
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Figure 47: Example of frequency analysis for analyzing the effect increasing the
frequency bandwidth. The frequency range here is analyzed for increasing the upper
bound (for increasing) and decreasing the lower bound (for decreasing).
0.05). The decreasing frequencies always include higher frequency content information
than the increasing frequencies, thus resulting in a lower ξ value. The fact that
the frequency bandwidth is wider does not solely influence the coherence length.
Which frequencies are included in the analysis is more important than the frequency
bandwidth. For example, a 10 Hz frequency bandwidth with a center frequency at
45 Hz will have a lower ξ than a 10 Hz frequency bandwidth with a center frequency
at 25 Hz.
It was also investigated how the center frequency affected the coherence length.
Figure 49 shows how the coherence length and the error changes for increased center
frequency for three different frequency bands (10 Hz, 20 Hz and 30 Hz). The actual
band used is subject dependent, therefore in this figure the lower frequency bound is
the mean power frequency (at 20% MVC) plus the x-axis value. For example, if the
mean power frequency (at 20% MVC) for one subect is 25 Hz, then a value on the
x-axis of 10 for a 10 Hz band corresponds to the frequency range of 35-45 Hz. With
frequency as the main effect, there was a statistically significant decrease in ξ with
an increase in frequency range (P < 0.01).
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Figure 48: (a) The coherence length for increasing frequency bandwidth for both in-
creasing and decreasing center frequencies and (b) the corresponding error (resnorm)
of the fit for increasing frequency bandwidth for both increasing and decreasing center
frequencies.
The findings revealed during the frequency analysis; 1) that the only statistically
significant difference for increased frequency band is between ξ at 5 Hz and 25 and
30 Hz (meaning there is no difference between 10, 15, 20, 25 and 30 Hz when com-
pared to each other), 2) the higher frequencies with the same frequency band have
a lower coherence length than the lower frequencies and 3) for a constant frequency
bandwidth, the coherence length decreased as the frequency range increased. In order
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Figure 49: (a) The coherence length for increasing center frequency for three different
frequency bandwidths (10 Hz, 20 Hz and 30 Hz) (b) the corresponding error (resnorm)
of the fit for increasing center frequency for three different bandwidths (10 Hz, 20 Hz
and 30 Hz).
to fully capture a wide range of muscle fiber activity, including slow and fast twitch
fibers, for the remainder of this analysis the value of ξ was determined in a frequency
bandwidth of 30 Hz, with the lower bound being fMP . Doing this allows for the
inclusion of the frequencies at which there is no synchronous muscle fiber activity,
but does not allow for frequencies that are too high (f > 70 Hz) where there is not
much signal.
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The value of ξ reflects the changes in the muscle activity. Figure 50(a) shows an
example for one subject on how the value of ξ changes with an increase in muscle
contraction level for three different trials. As can be seen, there is nearly a linear
increase, therefore a linear model was used and the slope of the linear model was
recorded. This slope was then averaged across the three trials per subject. The results
of the averaged slopes for each of the ten subjects are shown in Figure 50(b). It can
be seen here that all of the slopes are on the same order of magnitude. This indicates
that the slope of the coherence length versus contraction level fit is potentially stable
across subjects.
The RMS value for each recording was calculated by equation 13 and averaged
across sensors (sensors #6 −#10), trials and subjects, which showed how the RMS
value changes with increased contraction intensity (see Fig. 51(a)). The mean
power frequency was calculated by equation 6 and averaged across sensors (sensors
#6 − #10), trials and subjects to show how the mean power frequency increased
with increased contraction level (P < 0.01, see Fig 51(b)). Figure 51(c) shows the
coherence length, ξ, increased as the contraction level increased when averaged across
trials and subjects vs contraction intensity (P < 0.01).
The mean power frequency increased with increased contraction level from 27.43
± 3.1 Hz at (20% MVC) to 30.98 ± 3.2 Hz (40% MVC) to 33.70 ± 3.5 Hz (60% MVC,
P < 0.01), there was a statistically significant difference between the values at 20%
and 60% MVC. For the RMS metric, both RMS 1 (P < 0.05) and RMS 2 (P < 0.05)
were found to increase with increased contraction level. There was only a statistically
significant difference between the value at 20% and 40% MVC with respect to 60%
MVC. The calculated value of ξ was found to increase with increased contraction level
from 4.41 ± 0.5 cm (20% MVC) to 7.05 ± 2.3 cm (40% MVC, P < 0.05) to 10.22
± 3.30 cm (60% MVC, P < 0.01), with a statistically significant difference between
each contraction level. These three metrics at some level seem to indicate a change
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Figure 50: (a) Example of ξ vs contraction level for one subject, including linear fit
(b) the slope of the linear fit for each subject, averaged across trials, with bandwidth
of 30 Hz.
in muscle activity, since they change with contraction level. A direct comparison of
these three metrics can be found in Figure 52. For each metric, the value at each
contraction level was normalized by dividing it by the value of that metric at 60%
MVC for each individual subject. Therefore, each metric has a maximum value of 1 at
the corresponding 60% MVC contraction level for that metric. With the comparison
of these metrics in this manner, looking at RMS 1, MPF and ξ, the coherence length





























































Figure 51: Effect of contraction level (% MVC) on (a) mean power frequency (b)
root mean squared of filtered data (c) ξ from fitting coherence vs. distance curve. All
values were averaged first across trial and then across subjects.
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2 of the filtered data is included, it seems to be most sensitive to the changes in
contraction level (indicated by the greater slope).



















Figure 52: Tracking metrics RMS, fMP and ξ for increasing contraction intensity,
normalized to their respective 60% MVC values. The values were normalized to the
60% MVC value for each individual subject and then averaged across subjects. The
error bars indicate one standard deviation.
4.4 Discussion
The change in skeletal muscle local activity directly reflects a change in the muscle’s
mechanical environment and condition. With sub-maximal isometric contractions,
changes in the local muscle activity can be found when there is an increase in con-
traction level. The main finding of this chapter is that by using wave physics and
cross correlation techniques, the coherence length, a metric to track the change in the
muscle condition, was determined. The coherence length was found to significantly
increase as the contraction level increased. A supplemental finding that supports the
main finding is that two other metrics, the mean power frequency and the root mean
square, both increase with increased contraction level. Two additional findings were
also obtained in this study. Firstly, the signal to noise ratio threshold did not have
a significant effect on the coherence length, ξ. Secondly, the coherence length, ξ, at
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5 Hz was statistically different from ξ at 25 and 30 Hz only.
The main finding can be explained by wave physics and the physiological origin of
the S-MMG. Previous studies have shown that the muscle stiffens as the contraction
level increases during an isometric contraction [71]. This then explains why the
coherence length increased with an increase in the contraction level, it is reflecting the
change in the stiffness of the muscle. The RMS and mean power frequency have also
been shown to track the changes in contraction level during isometric contractions.
These two metrics are not as related to the overall stiffness of the muscle as is the
coherence length, but are related to the local muscle fiber activity. They do however
confirm that in this experiment, during increased contraction, the local muscle activity
behaves how it is expected.
The first additional finding, that the SNR does not significantly effect the co-
herence length, may result from the very high signal to noise ratio for the smaller
sensor separation distances. The sensor pairs with a sensor separation distance of
3Δx and 4Δx mainly have the lowest SNR. If a subject’s data does not surpass the
SNR threshold, it is not used. When a cross correlation peak of two sensors that are
4Δx apart is omitted because it did not pass the SNR threshold, it will not greatly
affect the fitting of ξ in the exponential decay (e
−x
ξ ).
Based on the second additional finding, it appears that the decrease in the co-
herence length with increasing frequency band between 25 and 30 Hz with respect
to 5 Hz, can be attributed to the muscle fiber activity in certain frequency bands.
High frequency S-MMGs are mostly dominated by a-synchronous muscle fiber activ-
ity that reflect the physiological architecture of the skeletal muscle. As the frequency
increased to a region where there is less muscle fiber activity, the coherence decreased.
A consistent decrease in the values of the cross correlation peak for increasing sen-
sor separation distance will cause the exponential fit of the coherence length, ξ, to
decrease. For a complete frequency analysis, the affect of the center frequency was
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measured. It showed that, no matter the frequency band the coherence length de-
creased as the frequency range increased. This shows that the coherence length is
indeed sensitive to the frequency selection. Selection of the frequency band should
be done in a way that it encompasses the frequency ranges of the anticipated muscle
fiber activity, or the muscle fiber activity of interest.
4.5 Conclusions
Overall the results of this study show that the propagation features of S-MMG vibra-
tions reflect the architecture and contraction level of the biceps brachii muscle. The
coherence length was found to significantly increase with increased contraction level
for all ten of the subjects. While the mean power frequency and the RMS are two
metrics that may successfully track the increase in muscle fiber activity, the coherence
length can be related to the stiffness and homogeneity of the skeletal muscle during
isometric contractions. Hence S-MMG could potentially be used for monitoring phys-
iological changes of skeletal muscles.
4.6 Summary
This chapter used the results from the previous two chapters as the foundation for
the developments presented. The setup used the S-MMG measurements from a linear
array of five one-dimensional accelerometers oriented along the longitudinal axis of
the biceps brachii muscle. There were 7 healthy male subjects that participated in
this study. After the maximum voluntary contraction was obtained, the subjects
contracted their biceps brachii muscle for three trials at 20%, 40% and 60% MVC for
10 s. These signals were then cross correlated and the peaks where plotted versus
the sensor separation distance. It was found that there was a systematic decrease
of the cross correlation peak as the sensor separation distance increased. Different
functions were fitted to the data including a linear fit, sinusoidal fit, bessel fit and
an exponential decaying fit. It was found that the exponential decaying fit best
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represented the experimental data. From the exponential decaying fit of e
−x
ξ , the
coherence length, ξ, was determined. This coherence length was found to increase
when the contraction level was increased from 20% to 40% to 60% MVC. Being that
the cross correlation detects a traveling wave, it may be that the coherence length
is related to the properties of the medium that the wave is traveling in, such as the
stiffness of the muscle. The coherence length was found to have a nearly linear increase
as the contraction level increased. The coherence length, ξ, versus contraction level
were fit with a linear fit, and the slopes for each trial was averaged for the individual
subjects. These slopes varied from 0.02 to 0.10 (m/% MVC). Indeed these results are
promising and may lead to a low cost, non-invasive, passive elastography technique.
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CHAPTER V
CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK
5.1 Conclusions
The work in this dissertation lays the foundation for the development of a low cost,
passive, non-invasive elastography by analyzing and processing S-MMGs measured
with one dimensional accelerometers. The dissertation was separated into three dif-
ferent aims. Aim 1 focused on the 3-dimensional aspect of vibrations measured by
accelerometers on the skin surface above the biceps brachii. It was found that the an-
gles φ and θ were frequency dependent, seeing that the vibration power became more
vertical as the frequency increased to the region where muscle fiber activity domi-
nates. Since the goal of this work is to measure the vibrations created by the muscle
fiber activity, it is sufficient to measure only the z-component of the biceps (normal
to the skin). In addition, with increased contraction level, the S-MMG total power
becomes more in-plane (decreased φ). It was also noted that at the most distal sen-
sor location, the S-MMG power is more lateral than the other sensor locations. The
first finding lead to the experimental setup of using one-dimensional accelerometers
to accomplish Aim 2.
The second study in this work focused on using one-dimensional accelerometers
to determine the propagation direction of the propagating S-MMG waves. The ar-
chitecture of the biceps brachii can be used to interpret the main finding. Which was
determined that the spatial coherence was greater for longitudinal sensor pairs than
transverse sensor pairs. The observed longitudinal directionality of the propagating
S-MMG along the muscle fiber direction, which is consistent with a previous study
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[62], is likely determined by the fusiform architectural organization of muscle fibers of
the biceps brachii muscle [78] as well as the mechanical properties and functionality of
the muscle attachments and internal structure of the whole muscle. It should also be
noted that the higher frequency content of S-MMG typically represents only a small
fraction of the total energy of the raw S-MMG recorded during voluntary isometric
contractions over skeletal muscles [54, 63]. For instance, previous studies of S-MMG
recorded over the biceps brachii and further filtered in the band 2 − 80 Hz, have
showed that the mean power spectral frequency of those filtered S-MMG is typically
lower than 30 Hz, even at high contraction level (up to 60% MVC) [15, 54]. Hence,
this may explain why an earlier study of S-MMG coherence of the biceps brachii [59]
concluded on a transverse wave propagation of S-MMG since it was focusing on more
energetic lower frequency S-MMG components (f < 30 Hz) which were related to
a bending transverse modal resonances of the biceps. Thus, the selected frequency
bandwidth appears as an important parameter when investigating the specific direc-
tionality (e.g. longitudinal vs. transverse) and spatial origin (e.g. proximal vs. distal)
of S-MMG recorded over skeletal muscles.
The conclusions from Aim 1 and Aim 2 characterized the dimensional component
power as well as the propagation direction of the propagating S-MMG. Using this
newly developed knowledge on S-MMG, a method to analyze the propagating wave
and develop a metric that can track the changes in the muscle was developed, namely,
the coherence length, ξ. The coherence length was found to significantly increase
with increased contraction levels for all seven of the subjects. While the mean power
frequency and the RMS are two metrics that may successfully track the increase
in muscle fiber activity. Thus the coherence length could potentially be related to
the stiffness of the skeletal muscle during isometric contractions. It is noteworthy
to address that the values of the coherence length, ξ, were all on the same order
of magnitude for the different subjects. Though currently there is not a direct link
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between the coherence length and the stiffness of the muscle, it can be shown that
these values are reasonable between subjects.
Potential Benefits Over Other Methods
• Completely passive
• Low cost, as it only required 1D accelerometers
• Accelerometers can by miniaturized (eq. using MEMS sensors)
• Can be used to measure more than one muscle simultaneously
• May be used during dynamic exercise
5.2 Recommendations for Future Work
Further studies of the spatial coherence of S-MMG across various muscles could lead
to objective measurement techniques of the mechanical properties of skeletal muscles.
For different muscles, the same approach can be taken with a few details changed, such
as the sensor separation distance and the frequency of interest. Muscles with more
slow twitch high endurance muscle fibers would have a lower frequency of interest if
the majority of the force generation is done by the recruitment of these muscle fibers.
To this end, the influence of muscular fatigue occurring during voluntary contractions
on the spatial coherence of S-MMG requires further quantification.
This method of determining the coherence length to track the changes of muscle
activity can be expanded to other muscles. Muscles that are superficial, so that the
vibrations of the muscle can be measured from the surface of the skin through a skin
and fat layer can be tested with this method. For example, the tibialis anterior, triceps
and vastus lateralis can all be felt from the surface of the skin above the muscle, so
they are good candidates for using this method. There are some skeletal muscles that
do not have a large part of the muscle directly under a skin and fat layer, and may
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be blocked by another muscle. Muscles such as the tibialis posterior, rotator cuff or
the brachialis are not good candidates for using this method, because measuring the
vibrations caused by these muscles alone would prove to be very difficult.
Another direction which would prove useful to further expand on the work done
here would be to use non-contact methods to measure S-MMG. Though the accelerom-
eters used were light weight (1 g), there was still a mass loading artifact due to the
mass of the accelerometers that may have affected the signal received. Though care
was taken to limit the affect of the cables, the cables may have provided some drag.
A non-contact sensor such as a laser vibrometer could be used to measure S-MMG.
This would provide a solution to the mass loading and drag artifacts, but would in-
troduce a new challenge. Care must be taken to ensure that the muscle stays in the
same position. Since the laser is not in physical contact with the arm, the point of
measurement can be changed with a slight movement in the limb. With this taken
into consideration, using a laser vibrometer could provide useful information with
regard to determining viscoelastic properties of skeletal muscles.
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APPENDIX A
EFFECT OF SKIN THICKNESS
There was an investigation onto whether or not the thickness of the skin and fat layer
(skin thickness) between the biceps brachii and the accelerometers had a traceable
affect on the measurements of the different directional components. The mean power
frequency fMP of each of the directional components at 20% MVC, 40% MVC and
60% MVC for the 15 subjects was plotted in Figure 53. As seen in the figure, there
is no trend in the mean power frequency versus skin thickness.
Since there was no clear trend found in the mean power frequency at the dif-
ferent contraction levels, another analysis was done that compared the mean power
frequency SNR versus skin thickness. The mean power frequency SNR in this case
is defined as the mean power frequency of each of the three contraction levels (20%
MVC, 40% MVC and 60% MVC) divided by the mean power frequency at the base-






For the X and Y directional components, it can be seen from Figure 54(a) & 54(b)
that there is no clear trend of the mean power frequency SNR to the skin thickness.
For the Z directional component, it seems as if the lower skin thickness results in a
high mean power frequency SNR. This was not verified with stastical analysis. A one
way ANOVA (with P < 0.05 being significant) was conducted with skin thickness as
the main effect, and there was no statistical significant difference versus skin thickness.
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Figure 53: The mean power frequency versus the skin thickness for the (a) X direc-
tional component (b) Y directional component and (c) Z directional component
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Figure 54: The mean power frequency SNR versus the skin thickness for the (a) X




The Green’s function of the field between two sensors can be determined by cross
correlating the measurement received at the two sensors, this has been showed ex-
perimentally in the fields of: ultrasonics ([44], and seismology ([13]). There also has
been theoretical studies investigated using different developments [44, 73, 75]. The
spatial correlation of ambient noise has been investigated theoretically in the fre-
quency domain and offer expressions of the normalized cross correlation [4, 23, 74].
Using this method, Aki in 1957 developed a way to determine the phase velocity of
micro-tremors in the field of seismology [4]. In determining some of the characteris-
tics of the medium between the two receivers this suggest that the spatial coherence
can be useful. A study shows that the Green’s function of the wave equation can be
determined from the normalized spatial correlation for isotropic incidence of waves
in 1-D and 2-D. Also, for anisotropic incidence of waves, analytical expressions are
presented for the retrieval of the Green’s function [52].
B.1 Theory
This section discusses the theory behind analyzing the system as a one dimensional
versus two dimensional distribution of sources.
B.1.1 1-D
For the 1-D case, consider two sinusoidal mutally uncorrelated plain waves incident
from the positive and negative direction (see Fig.55) . It is assumed here that there is
a constant wave velocity and no attenuation. With these paramaters the normalized
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spatial coherence function of the wavefield can be seen as:












Where A and B are the power of the waves propagating in the positive and negative
directions, respectively. The coefficients are normalized so that A + B = 1. If the
energy is equal in the two waves, where A = B = 1
2
, then the normalized spatial





















Figure 55: Two incident plane waves approaching two receivers from the opposite
direction.
B.1.2 2-D
For the 2-D case (see Fig. 56), the normalized spatial coherence function of a wavefield










√−1, φ21 is the angle between the horizontal and the direction pointing







where p(φ) is the probability density function for the power of the incident waves
with respect to an azimuth of wave propagation direction (φ). γ−m = γ∗m, because














where εm is the Nuemann factor which is equal to 1 when m = 0. Assuming the
equal partition of the power of the waves with various incident angles as p(φ) = 1
2π
.
For this case, γm = δm0. Then,





Figure 56: Two dimensional case of a plane wave with two receivers (adapted from
[52]).
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Table 1: Results from 1D and 2D simulation with random data.
Acutal Model
Fitting Function c alpha c bsl bsl error c cos alpha cos error
Cosine
5 10 4.43 0.52 4.58 12.19 0.0003
10 10 5.22 0.34 9.20 11.23 0.00001
15 10 10.15 0.05 13.80 10.99 0.000001
Bessel
5 10 4.88 0.66 6.88 8.12 0.002
10 10 10.84 0.06 13.81 6.78 0.00
15 10 14.17 0.01 20.12 6.69 0.00
B.2 Velocity Model
B.2.1 Simulation: Bessel Function vs. Cosine Function Model
A simulation was done in order to compare the ability of a given model to fit the
data accurately. Two different source distributions were investigated, a 2-dimensional
source distribution and a 1-dimensional source distribution. These source distribu-
tions represented two different environments for investigation, namely a rectangular
flat plate and an infinitely long bar. The aim of this simulation was to determine if
the correct model fit the determined source distribution best. This was determined
by comparing the error calculated from the model fitting the simulated data.
For a two dimensional distribution of sources on a infinite rectangular plate, the
mode shape is represented by a zeroth order bessel function of the first kind (see
Eq.21). A two dimensional sources distribution was simulated as seen in Figure
57(b), where the inter sensor separation distance is .05 m which is approximately
λ/2. The one dimensional source distribution the mode shape is represented by a
cosine function (see Eq.16). In this case, the cosine function was multiplied by a
decaying exponential term to account for attenuation.
Table 1, shows the results of the simulation. The results are for 3 different values
of ’c’ with alpha being held constant. In each case, though the error may have been
lower, the correct fitting function had the closest value to the actualy ’c’ that was
used to create the data.
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Figure 57: Sensor lay out along with source distribution for (a) 1-dimensional case
and (b) 2 dimensional case
B.2.2 Bessel Function versus Cosine Function Fit
The cosine and bessel function were also investigated as fitting functions for the
experimental data. Neither of these functions proved to be a correct model for the
data. The values were not consistent, though the coherence increased for increasing
contraction level, the ’c’ values determined from these fits did not necessarily track
that change. Below in table 2 with the results of the comparison between the consine
function fit and the bessel function fit.
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Table 2: Results from fitting the cosine function (1D) and the bessel function (2D)
to the experimental data.
Cosine Function Fit Bessel Function Fit
Sub 20% MVC 40% MVC 60% MVC 20% MVC 40% MVC 60% MVC
1 13.68 ± 0.11 13.52 ± 0 15.66 ± 0 6.42± 0.03 11.36 ± 0.08 14.09 ± 0.02
2 11.53 ± 0.12 15.96 ± 0.01 16.28 ± 0 6.93 ± 0.09 9.37 ± 0.02 11.97 ± 0.02
3 6.59 ± 0.20 14.53 ± 0.03 18.28 ± 0.02 4.33 ± 0.08 9.84 ± 0.13 13.64 ± 0.03
4 6.06 ± 0.27 30 ± 0 29.60 ± 0 4.55 ± 0.06 15.85 ± 0.04 17.89 ± 0.26
5 6.67 ± 0.32 25.43 ± 0.01 5 ± 2.04 5.93 ± 0.05 12.58 ± 0.08 17.21 ± 0.13
6 6.26 ± 0.31 5 ± 2.64 29.54 ± 0 6.50 ± 0.06 21.42 ± 0.03 21.28 ± 0.01
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